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ABSTRACT 
This research investigated the effects of waterborne zinc (Zn) on the 
interactions between guppies, Poecilia reticulata (Peters), and Gyrodactylus 
tumbulli Harris, 1986, a monogenean parasite of its skin and fins. The first 
objective was to determine if sublethal concentrations of waterborne Zn (up to 
240 IJg/L added to a rtifi ci a 1 freshwater) exerted a concentration-dependent effect 
on the population dynamics of Gyrodactylus on isolated guppies. Whereas 
survival of uninfected fish was unaffected, mortality of infected fish increased 
linearly with increasing Zn concentration. In addition, the improved parasite 
population growth at concentrations up to 120 IJg Zn/I suggested either that the 
elevated Zn promotes survival and/or reproduction of the parasite, or impairs host 
defense mechanisms. Analysis of lifetime survival and reproduction of individual 
parasites on and off the fish revealed Zn toxicity to the parasite as survival of 
detached parasites decreased linearly with increasing Zn concentration and 
parasite survival on the host was also lower at the highest Zn concentrations. 
Also, ail morphological parameters decreased linearly in response both to 
increasing concentration and duration of exposure to waterborne Zn. The guppy 
epidermis responded rapidly to both infection and waterborne Zn, and the 
cumulative effects of these combined stressors were synergistic for epidermal 
thickness and mucous cell numbers, but antagonistic in terms of mucin 
composition. Both Zn and infection induced mucous production, but at elevated 
Zn concentrations and/or at high parasite burdens, the capacity for continued 
XI 
mucous production was apparently exceeded. 1 hypothesize that this condition is 
favorable for parasite survival because of the impaired host response, but 
unfavorable for host survival because of the high numbers of pathogenic 
parasites and the inability to control entry of Zn into host tissues. In conclusion, 
sublethal concentrations of waterborne Zn are more detrimental to the infected 
host than to the parasite. 
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ABRÉGÉ 
Cette thèse a pour but d'étudier l'impact du zinc (Zn) d'origine hydrique sur les 
interactions entre guppys, Poecilia reticulata (Peters), et Gyrodactylus tumbulli 
Harris, 1986, un monogène parasite de la peau et des nageoires. L'objectif 
premier a été de déterminer si des concentrations sublétales de Zn hydrique 
Uusqu'à 240 1-19/L ajouté en eau douce artificielle) provoquent des effets 
dépendants de la concentration sur la dynamique de population de Gyrodactylus 
de guppys isolés. Bien que le taux de survie des poissons non infectés soit resté 
inchangé, la mortalité chez les poissons infectés a augmenté de façon linéaire en 
fonction des concentrations en Zn. En outre, la croissance de la population du 
parasite à des concentrations en Zn allant jusqu'à 120 1-191I suggère, d'une part, 
que la forte présence de Zn favorise la survie ainsi que la reproduction du 
parasite, et d'autre part, qu'elle compromet les mécanismes de défense de l'hôte. 
Une étude longitudinale de la survie et de la reproduction de parasites 
individuels, en présence de l'hôte ou non, indique une toxicité au Zn chez le 
parasite. Le taux de survie diminue de façon linéaire avec l'augmentation des 
concentrations en Zn lorsque les parasites ne sont pas rattachés à un hôte, et la 
mortalité chez les parasites infectants des poissons était aussi plus élevée à de 
fortes concentrations en Zn. De même, tous les paramètres morphologiques ont 
diminué de façon linéaire en réponse à l'augmentation des concentrations et de 
la période d'exposition au Zn hydrique. L'épiderme du guppy a aussi réagi 
rapidement.à l'infection et au Zn hydrique, et l'effet combiné de ces deux agents 
XIll 
de stress est synergique quant à l'épaisseur de l'épiderme et au nombre de 
cellules muqueuses, mais de nature antagoniste en ce qui concerne la 
composition de mucines. Le Zn et l'infection induisent la production de mucus à 
des concentrations élevées en Zn, ainsi qu'à un nombre élevé de parasites; la 
capacité de production continue de mucus a été apparemment surpassée. Nous 
pensons que cette condition est favorable à la survie du parasite en raison de la 
réponse affaiblie de l'hôte, mais défavorable à la survie de l'hôte compte tenu du 
nombre élevé de parasites pathogènes et à son incapacité de réguler l'entrée du 
Zn dans ses tissus. En conclusion, des concentrations sublétales de Zn d'origine 
hydrique sont plus préjudiciables à l'hôte qu'aux parasites. 
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STATEMENT OF ORIGINALITY 
This was the first study addressing the impact of waterborne Zn on 
interactions between guppies (Poecilia reticulata) and one of their ectoparasites, 
Gyrodactylus tumbu/li. The first experiment proved the deleterious effect of 
waterbone Zn on infected fish. Mortality of the infected fish was significantly 
higher when compared to the mortality in uninfected fish exposed to the same 
concentrations of waterborne Zn, and, moreover, increased linearly as the 
concentration of Zn increased. As the initial results suggested that low to 
moderate concentrations of Zn could be beneficial to the parasite, we assessed 
for the first time the effect of waterborne Zn on parasite survival and reproduction 
of parasites attached to the fish, on the survival of detached parasites and on 
parasite morphometrics. These results proved the toxic effect of waterborne Zn 
on parasite survival and morphometrics, and indicate that impaired reproduction 
in response to Zn may be an indirect consequence of reduced survival. 
Furthermore, the last set of experiments assessed for the first time the temporal 
epidermal changes induced by combined waterborne exposure to a range of 
sublethal concentrations a heavy metal (Zn) together with an ectoparasitic 
infection (Gyrodactylus tumbu/lt). Previous research has considered infection 
alone, single concentrations of Zn, a range of concentrations of Zn but at a single 
time point, or Zn as part of a mix of heavy metals. Present results showed that 
guppies, recognized to be one of the most resistant fish species to waterborne Zn 
exposure, mount a rapid epidermal response to waterborne Zn, even in sublethal 
xv 
concentrations. In addition, combined exposure to Zn and infection were 
synergistic for epidermal thickness and mucous cells numbers, but antagonistic in 
terms of mucin composition. These results also explain how Zn concentrations 
that are taxie to the parasite can promote maximal parasite reproduction because 
of impaired epithelial responses induced by Zn exposure. Present findings also 
may have relevance for species used in aquaculture or fisheries that are more 
susceptible to Zn pollution than guppies and that are also infected with 
gyrodactylids. 
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CHAPTER 1 
INTRODUCTION 
1.1 General introduction 
One of our current global concerns is the impact of various pollutants on 
difterent ecosystems, including aquatic ones. Fish generally harbor a wide range 
of parasites which might also be aftected by pollution in many ways. Among 
aquatic parasites, the ectoparasites face a particular challenge, being equally 
affected by pollutants from the surrounding environment, as weil as by the host 
response, affected in its turn by the pollutants. Moreover, recent reports have 
shown both increased and decreased parasitism at the polluted sites (Môller, 
1987; Khan and Thulin, 1991; Mackenzie efal., 1995). 
One important fish ectoparasite is the monogean Gyrodacfylus, species of 
which affect almost ail species of bony fish in aquaculture, fisheries and hobbyist 
markets, inducing mortality either directly or through secondary infections (Kearn, 
1998; Cone, 1999). These small epidermal feeders attach to their hosts mainly 
with their posterior opisthaptor and its central pair of hooks and peripheral 
hooklets (Kearn, 1998). Damage caused by these attachment organs may in turn 
enhance their hosts' susceptibility to pollutants, as reported for other parasites 
(Khan and Thulin, 1991). 
Environmental pollutants (heavy metals, cyanides, ammonia, 
polychlorinated biphenyls, pesticides, domestic sewage, pulp and paper effluents, 
petroleum aromatic hydrocarbons, acid rain, and others) enter the water system 
as a consequence of natural watering of the minerais in the earth crust, and of 
human activities such as mining and metallurgical industries, various 
pharmaceutical, cosmetics and other industries, agriculture and domestic water 
wastes. Surprisingly, most studies on the impact of pollutants on aquatic life have 
focused on the acute toxicity of high concentrations, whereas aquatic organisms 
(Le. fish and their parasites) are generally chronically exposed to relatively low, 
sublethal concentrations of pollutants. Among the heavy metal pollutants of 
aquatic ecosystems, Zn is the most commonly encountered (Bowen et al., 2006) 
and has been shown to affect fish in many ways (Atchison et al., 1987; Eisler, 
1993; Bowen et al., 2006). Zn has also been reported to affect parasites, 
especially immature stages of trematodes (Asch and Dresden, 1977; Evans, 
1982; Morley et al., 2001a, b; Morley et al., 2002; Morley et al., 2003a, b) and 
acanthocephalans (Sures, 2002; Thielen et al., 2004). 
To date, there are a few studies on the impact of heavy metals on 
Gyrodactylus spp. Most of them used populations of infected fish exposed to a 
range of sublethal concentrations of heavy metals (especially aluminum (AI) and 
Zn) and only recorded the impact on parasite and host survival (Soleng et al., 
1999; Poléo et al., 2004; Pettersen et al., 2006). There is a lack of studies 
investigating the mechanisms involved on this complex interactions between 
heavy metals, parasite and host (e.g. direct toxicity of heavy metals on detached 
parasites; the impact of toxicants on parasite reproduction and survival; the 
combined effects of heavy metals and infection on host response). 
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1.2 Objectives 
The goals of my research were to document concentration-dependent 
effects of waterborne zinc on Gyrodactylus turnbulli - guppy interactions, and to 
determine whether they are due to direct effects of Zn on parasite survival or 
reproduction, or indirect effects mediated through changes in the epidermis. The 
specific objectives are: 
(1) to determine the concentration-dependent effects of Zn on parasite 
establishment and population growth characteristics and on survival and recovery 
of infected fish; 
(2) to investigate the concentration-dependent effects of Zn on parasite survival, 
per capita rate of parasite reproduction and morphology; and 
(3) to document the temporal changes in skin structures induced by Zn alone 
and/or together with gyrodactylid infection. 
1.3 The experimental model 
As our experimental model we have chosen the guppy (Poecilia reticulafa 
(Peters)), and its monogenean parasite, Gyrodacfylus furnbulli, living on the skin 
and fins. This host-parasite system is particularly suited to experimental studies 
because (1) both host and parasite are easy to maintain and breed under 
laboratory conditions, (2) the parasite has a short generation time (days), and a 
direct life cycle, without a free-living stage, (3) transmission among hosts occurs 
as a result of direct fish to fish contact, (4) the infection can be monitored without 
harming the fish during the experiments (Scott and Anderson, 1984), (5) guppies 
are useful test animais in aquatic toxicity experiments because they can survive 
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at very high concentrations of zinc (15 fold of normal body concentration) 
(Widianarko et al., 2000). 
Among the various heavy metal pollutants, Zn was chosen because (1) it 
is an essential microelement (Watanabe et al., 1997), present in every cell, and 
involved in the structure or function of more than 300 enzymes and proteins 
(Vallee and Falchuk, 1993; Cousins, 1998); (2) at elevated concentrations, it 
becomes an important toxicant (Widianarko et al., 2000, 2001); (3) it is one of the 
most common aquatic pollutants (Bowen et al., 2006), affecting both fish 
(Atchison et al., 1987; Eisler, 1993; Bowen et al., 2006) and parasites (Asch and 
Dresden, 1977; Evans, 1982; Morley et al., 2001a, b; Morley et al., 2002; Sures, 
2002; Morley et al., 2003a, b; Thielen et al., 2004) in many ways; (4) the reported 
toxic concentrations for fish and parasites are within the same order of magnitude 
whereas cadmium, lead, chromium, mercury and copper are much more toxic for 
the fish than for aquatic stages of parasites (Galli et al., 1998; Cross et al., 2001; 
CWQG, 2005; Pietrock et al., 2002; Pietrock and Goater, 2005); and (5) Zn can 
be used as a model for more toxic metals (e.g. cadmium) (Hogstrand et al., 
1994). 
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2.1 Guppies 
CHAPTER2 
LITERA TURE REVIEW 
Guppies belong to Family Poeciliidae. Their natural range includes 
northern South America and the adjacent eastern Caribbean islands, but they 
have been introduced into a number of other tropical countries, either as pets or 
as mosquito-control agents (Widianarko et al., 2001). Guppies ingest 
invertebrates, algae, and organic debris (Dussault and Kramer, 1981). Males are 
smaller (about 3 cm body length excluding tail) but more brightly colored than 
females (about 6 cm): 
The females mature at about 3 months of age and are livebearers, 
releasing 30 to 60 fry after an average gestation period of 28 days. The males 
mature earlier, at around 6 weeks. The life span of a weil cared-for aquarium 
guppy is 1.5 to 3 years, depending on genetics and environmental factors 
(Emmens, 1970). Research conducted on guppies includes taxonomie, genetic, 
parasitologi~al, toxicological, and behavioral studies, which provide a wide base 
of information on this fish (i.e. Emmens, 1970; Scott, 1982; Harris, 1988, 1989; 
Lopez, 1999; Widianarko et al., 2000, 2001; Cable et al., 2002a). 
9 
2.2 Fish Epithelial 8arriers 
The fish body surface is in intimate and continuous contact with the 
aquatic environment. Therefore, fish skin is the first tissue exposed to invading 
micro-organisms and/or soluble contaminants and the first line of defense. It is a 
metabolically active tissue that quickly responds to stressors by forming stable 
physical and/or chemical barriers (Whitear, 1986a; Iger et al., 1994). 
Fish skin has two major layers, an outer epidermis and an inner dermis. 
The epidermis is a stratified epithelium containing epithelial and secretory cells, 
differing in thickness and number of layers, depending on its location on the body 
surface, the state of maturity and health of the fish, and the species of fish 
(Whitear, 1986a). The epidermal cells (also called Malpighian cells or, filament-
containing cells, or, more correctly 'epithelial cells') are the predominant cell type. 
Depending on their location in the epidermis, they are either cuboidal or columnar 
in the basal layer, or squamous in the superficial layer. It is thought that epithelial 
cells have mainly structural and protective functions (Schliwa, 1975). 
ln fish epidermis there are four types of secretory cells (Whitear, 1986a). 
(1) Superficial epithelial ce Ils contain ovoid or spherical secretory vesicles, 
producing the cuticle or glycocalyx (Schliwa, 1975). (2) Goblet cells are exocrine 
unicellular glands which secrete either a mucoid substance containing 
glycoproteins - mucous goblet cells (Fletcher et al., 1976), or a proteinaceous 
secretion - serous goblet cells (Whitear, 1986a). There are regional and temporal 
differences in the density of goblet cells, and in the production of mucus, 
depending on the quality of the environment, state of health, and nutritional 
deficiencies (Roberts and Bullock, 1980). (3) Sacciform ce Ils are characterized 
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bya large vacuole where secretory products accumulate. (4) Club ce Ils are 
large cells in the middle layers of the epidermis, some containing a secretory 
vacuole. In guppy, epidermis covering the scales in the lateral body sides has an 
average thickness of 10 IJm and consists in 2-3 cell layers, containing mainly 
epithelial and mucous cells (Schwerdtfeger, 1978). The author reported about 7 
mucous cells per mm epidermis length from cross sections of guppy scales. 
Both epithelial and secretory cells differentiate from the multipotent 
progenitar cells, situated usually in the deeper layers, although mitotic activity is 
present throughout the epidermis (Whitear, 1986a). As new cells appear, the 
previously differentiated ones are gradually pushed towards the outer layer of the 
epidermis. In arder to become a mature mucous cell, the multipotent progenitor 
cell differentiates into a precursor mucous cell containing granules of neutral 
mucins. Later, this precursor cell elther shifts the neutral mucopolysaccharide 
granules into acidic mucopolysaccharide granules and/or synthesizes new acid 
mucopolysaccharides. In the mature mucous cells, these acidic and neutral 
polysaccharide granules fuse together forming a complex mixture of both acidic 
and neutral inucins (Sinha and Chakravorty, 1982). 
The epidermis also contains lymphocytes, macrophages and various types 
of granulocytes (Whitear, 1986a). Among the granulocytes, the most important 
are epidermal thionin-positive cells (putative mast cells) which are thought to be 
involved in both specifie and non-specifie reactions against foreign aggressors. 
These metachromatically stained cells are located superficially, showing variable 
densities between fins, with high numbers in the pectoral, pelvic, dorsal and 
adipose fin, and low numbers on the anal and caudal fin. They are absent in the 
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cornea. When stained with thionin, the putative mast cells appear deep-blue with 
red cytoplasmic granules. Sigh and Buchmann (2000) noticed a significant 
decrease in putative mast cell density during experimental infection of brown trout 
with either Ichthyophthirius multifillis (ciliated protozoan) or Gyrodactylus 
derjavini, suggesting degranulation of these putative mast cells in response to 
parasitic exposure. Leucocytes are found mainly between and above the basal 
layer cells, but may be present in any layer of the epidermis, and even at the 
surface when the skin is damaged. Between the epidermis and dermis, there is a 
basement membrane, consisting of two layers: an outer lamina lucida and an 
inner lamina densa (Whitear, 1986a). 
The dermis consists of a connective tissue layer containing mainly 
collagen (70-80% of dry weight). It provides the substrate and nutrients for 
maintenance, proliferation and stratification of the epidermis (Sengel, 1986). The 
dermis also contains chromathophores, blood capillaries, Iymphatic vessels and 
nerves. In addition, the scales of teleosts are developing obliquely in dermal 
pockets, in which they are anchored by collagenous fibers. Scales consist of 
collagenous tissue superficially calcified, sùrround.ed by scleroblasts and 
fibroblasts, and covered by epidermis, despite the fact that in some teleost 
species, the posterior edges of the scales protrude above the skin surface 
(Whitear, 1986b). 
The inner boundary of the dermis (the dermal endothelium) consists of a 
thin single sheet of cells. This endothelium has a basement membrane on one or 
both sides. Below the dermal endothelium lies the hypodermis, which contains 
deep chromatophores, fat cells, blood vessels and nerves (Whitear, 1986b). 
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The fish epidermis and its secretions play an important role in protection, 
in defense against pathogens and pollutants (Whitear, 1986a; Shephard, 1994), 
in osmoregulation, in locomotion (Whitear, 1986a) and in pheromonal 
communication (Pickering and Richards, 1980). Normal epithelium is covered by 
a mucous layer, which is secreted by goblet cells. The mucus and its components 
have several protective roles against invading pathogens (Shephard, 1994). (1) It 
prevents the attachment of bacteria, fungi or parasites to epithelial surfaces 
because it is constantly being sloughed off. (2) If establishment is accomplished, 
mucus acts as a barrier to be crossed. (3) Finally, the mucus contains a variety of 
humoral factors with anti-microbial proprieties: Iysosyme, complement, lectins, 
and proteolytic enzymes (Buchmann and Bresciani, 1998). (4) Fish are able to 
synthesize secretory antibodies at the mucous surface, independently of 
systemic production of immunoglobulins (St. Louis-Cormier et al., 1984). In 
addition, Rombout et al. (1993) reported structural and functional differences 
between serum and local immunoglobulins. 
Mucus is also extremely important for the protection against 
environmental pollutants including heavy metals. Several studies have sh'own 
that Zn stimulates mucus secretion in fish (Iger et al., 1994; Khunyakari et al., 
2001). This increase in mucus secretion is supposed to protect fish from metal 
pollutants. At a neutral pH, mucus is polyanionic, having a large metal binding 
capacity (Handy et al., 1989). Shephard (1994) suggested that mucus is also 
involved in the binding and precipitation of potential toxicants, preventing them 
from reaching other uptake surfaces, th us regulating Zn absorption. As a 
consequence, the mucus and epithelial cells accumulated up to 74% of the 
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retained Zn2+, which greatly reduced exposure of underlining tissues to this 
potential toxicant. Also, the continuai sloughing of both mucus and epithelial cells 
excluded the majority of Zn from absorption (Handy et al., 1989). 
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2.3 Gyrodactylus 
Gyrodactylus species are ectoparasites belonging to the phylum 
Platyhelminthes (Flatworms), class Monogenea, family Gyrodactylidae, genus 
Gyrodactylus, which live on the skin, fins, and gills of many families of marine and 
freshwater teleostfish (Cable et al., 1998; Reed et al., 1998; Cone, 1999). These 
recognized pathogens in aquaculture and in the aquarium hobbyist market cause 
mortality directly or indirectly through secondary bacterial or fungal infection 
(Cone, 1999). The most economically important species is Gyrodactylus salaris, 
a significant pathogen of wild Atlantic salmon in Norway (Johnsen and Jensen, 
1991; Bakke et al., 1992; 2000). Atlantic salmon (Salmo salar) is the most 
susceptible species and is unable to control parasite population growth, whereas 
Baltic salmon (Bakke et al., 1990) and other salmonids (Bakke et al., 1996) can 
limit infections (Harris et al., 1998). 
There are over 400 species of Gyrodactylus, with an extremely 
conservative morphology (Cable and Harris, 2002). They attach themselves to 
the host by two adhesive organs situated at the extremities of the body. The main 
. adhesive organ (the opisthaptor), provides virtually permanent attachment to the 
host, and is located at the posterior end. The opisthaptor has one central pair of 
large hooks (hamuli), and 16 marginal hooklets (Kearn, 1998). The anterior 
adhesive organs are ventrally directed and used for brief attachment during 
locomotion, helping the parasite maintain contact with the host while the 
opisthaptor is detached. Systematics of the group is based on: (1) size and 
shape of the hard parts of the opisthaptor (Malmberg, 1990; Shinn et al., 1993); 
(2) organization of the excretory system (Malmberg, 1990), (3) distribution of 
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tegumental sensilla (Shinn et al., 1997), and, more recently, (4) conserved 
ribosomal DNA sequences (Cunningham, 1997). 
Gyrodactylids are unique within the Animal Kingdom, due to their 
extraordinary reproductive adaptations (Harris, 1989). Gyrodactylus individuals 
are females at birth, then hermaphroditic, as the male system develops only after 
the parasite has given birth for the first time (Harris, 1985). They are also 
viviparous. The young 
newborn (fully-developed 
offspring) resembles a 
'Russian doll', containing 
within the uterus several 
generations of embryos in 
sequential stages of 
development (paedogenesis) 
(Cable et al., 1998). Of 
particular interest is the 
development of embryos. 
The enormous uterus 
contains an embryo (F1), 
which in its turn contains 
Anterior Adhesive 
Oro-on 
~-F2 
F3 
FI 
Egg 
0·1 mm 
Fig. 2.1 Gyrodactylus morphology 
(reprinted with permission of Dr. Marilyn E. Scott) 
another embryo, (F2), which contains another embryo (F3). Moreover, under the 
uterus there is an egg (Fig.2.1). 
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Gyrodactylus has a direct life cycle (Fig.2.2). The first generation derives 
from an embryo cluster in utero, as an asexual clone of its mother, whereas 
subsequent ones derive from oocytes, being either sexually or 
parthenogenetically-formed (Harris, 1989; Harris et al., 1994; Cable and Harris, 
2002). However, the newly born parasites are morphologically identical, and 
attach immediately to the host, near their mother (Scott, 1982). As a result, 
Gyrodactylus tumbulli on guppies can produce at least nine consecutive 
generations (Scott, 1982) in the absence of cross-fertilization, at daily intervals, 
without reducing the average birth rate for each generation (Scott, 1982). Mating 
can take place between later stages. According to Harris (1989), the population 
dynamics of G. turnbulli is influenced by sexual reproduction, as there are periods 
of small parasite populations when multiplication is predominantly asexual 
alternating with phases of large and crowded populations favoring cross-
insemination. 
Gyrodactylids lack the usual dispersal stage of other monogeneans - the 
oncomiracidium. To assure their dispersal, gyrodactylids are mobile and able to 
change microhabitats. G. salaris transfers between hosts through direct contact 
with live and/or dead hosts, or through detached or attached parasites to the 
substrate, ail these being temperature-dependent (Bakke et al., 1992; Soleng et 
al., 1999). The most important form of dispersal from infected to uninfected host 
is during direct contact with an infected fish (Scott and Anderson, 1984; Soleng et 
al., 1999). 
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Fig. 2.3 Gyrodactylus life cycle. Different developmental stages of a newborn 
Gyrodactylus sp. (a-h) and its offspring. a-h represent the different stages of a 
newborn parasite. When this parasite is born it already contains a developing F1 
embryo in utero and as the parasite matures an F2 embryo is visible developing 
within the F1. After birth of the 1 st born daughter, an oocyte enters the uterus and 
development of the 2nd born daughter begins. The 1 st born daughter can only 
develop asexually as development begins before birth of its mother, but 2nd and 
subsequent daughters may develop parthenogenetically or sexually. (courtesyof 
Dr. Joanne Cable, http://www.cf.ac.uklbiosilresearch/biodiversity/staff/jc.html) 
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Moreover, Os land et al. (2006) found that G. salaris are not only able to survive 
on their dead hosts, but also they are able to feed and to maintain their virulence 
and pathogenicity, as salmon exposed to dead infected hosts attained higher 
parasite burdens than when exposed to living infected hosts. In contrast, G. 
tumbulli individuals leave the recently dead hosts, moving onto the water film, 
from where they can colonize new hosts (Cable et al., 2002a). The number of 
parasites transferring onto the uninfected fish increases with parasite intensity. 
Furthermore, Scott and Anderson (1984) suggested that 30-40% of the parasites 
are able to survive host death by re-attaching to live fish. 
Gyrodactylus are browsers, ingesting both dermal mucus and epidermal 
cells, while they move on the body surface of their host (Buchmann and 
LindenstntJm, 2002). Digestion is accomplished in the digestive tract consisting of 
the mouth, pharynx, esophagus and gut. There is no anus. In addition, they may 
supplement their diet with organic nutrients of low molecular weight absorbed 
directly from water across the tegument, as other monogenean parasites do 
(Smyth and Halton, 1983). Gyrodactylus embryos in utero are probably fed by 
the transfer of nutrients from the gastrodermis through the uterine wall which is 
situated close to the gut (Cable et a/. , 1996, 2002b; Jones et a/. , 1998). 
2.3.1 Gyrodactylus in guppies 
Two species of gyrodactylids parasitize the skin of guppies, and they are 
distinguishable on the basis of morphology (mainly the size and shape of the 
hard parts of the opisthaptor) and initial location on the host: (1) Gyrodactylus 
bullatarudis (Turnbull, 1956) - mainly on the anterior part of the body of the host, 
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and (2) G. tumbulli (Harris, 1986) - mainly on the caudal peduncle and caudal fin, 
with fewer on the pectoral, dorsal, pelvic and anal fins (Harris, 1988). However, 
the spatial distribution of parasites on the host changes during an infection, 
perhaps reflecting primarily random colonization of the fins followed by migration 
to the peduncle, and subsequent dispersal during the decline of the infection 
(Harris, 1988). A number of investigations have shown that G. tumbulli is the 
species usually found on guppies in the aquarium trade (i.e. Scott, 1982; Harris, 
1986,1988; Richards and Chubb, 1996, 1998). 
ln G. tumbulli, the average life span is 4.5 days for the attached parasites, 
whereas the detached individuals show vigorous longitudinal movements (Cable 
et al., 2002a), but are not able to survive more than few hours, if they fail to 
locate a new host (Scott and Anderson, 1984). The instantaneous death rate 
increases with age, thus less than 2% of individuals survive to give birth three 
times (Scott, 1982). 
2.3.2 Gyrodactylus and environmental factors 
As for ail a·quatic ectoparasites, Gyrodactylus is affected by abiotic factors 
in the surrounding environment, as reported by several authors. (Soleng et al., 
1999; Poléo et al., 2004; Pettersen et al., 2006). Physico-chemical conditions of 
water influence occurrence, life-span, reproduction, morphometrics and 
transmission of Gyrodactylus. The occurrence of Gyrodactylus seems to be 
affected by humus content, degree of eutrophication, temperature and salinity 
(Malberg, 1957, 1970 cited by Poléo et al., 2004; Harris, 1980; Scott and Nokes, 
1984; Jansen and Bakke, 1991; Appleby and Mo, 1997; Soleng and Bakke, 1997; 
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Soleng et al., 1998). Across ail these studies, the most important factor affecting 
Gyrodactylus spp. characteristics seems to be the environmental temperature. 
The impact of temperature on Gyrodactylus survival and reproduction was shown 
by several authors (Harris, 1980; Scott and Nokes, 1984; Jansen and Bakke, 
1991). Their results prove that each species has its own specific temperature 
preferences. For example, both survival and reproduction of G. tumbulli are water 
temperature-dependent (Scott and Nokes, 1984). They showed that although the 
longest average life span (5.5 days) was reached at 21°C, the highest fecundity 
(1.73 offspring) occurred at 25.5°C, and the highest instantaneous per capita 
birth rate at 27.5°C. Moreover, the parasite could not survive at 30°C, but was 
able to survive at the lowest temperature tested (17°C). 
ln addition, because of this preferred temperatures, there are seasonal 
differences in the parasite occurrence reflected in infection prevalence and 
intensity. For example, Oavidova et al. (2005) recorded in Rhodeus sericeus (a 
cold water fish) an increase in prevalence and intensity of infection with G. 
rhodei, as the temperature decreased. The highest values were recorded from 
January to April. One possible expia nation could be that at higher temperatures 
the host response is more effective, as shown by Harris (1980). Temperature has 
been also reported to influence parasite morphometrics, particularly the size of 
the hard parts of the haptor (Geets et al., 1999). Thus the specimens collected 
during the summer had significantly smaller values than specimens of the sa me 
species cOllected during the winter. 
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Another important category of environmental factors that was shown to 
affect gyrodactylids, is the one reflecting the antropogenic activity, such as heavy 
metals (aluminum, copper, zinc, iron, manganese), water pH and petroleum 
aromatic hydrocarbons (Khan and Kiceniuk, 1988; Soleng et al., 1999,2005; 
Poléo et al., 2004; Pettersen et al., 2006). Whereas aluminum, zinc and acidic 
water had a negative impact on gyrodactylids (Soleng et al., 1999,2005; Poléo et 
al., 2004; Pettersen et al., 2006), copper, iron, manganese and petroleum 
aromatic hydrocarbons seem to be beneficial for the parasites, as their numbers, 
or the prevalence of infection increased in exposed fish (Khan and Kiceniuk, 
1988; Poléo et al., 2004). 
2.3.3 Population dynamics 
Due to the combination of viviparity, the embryonic development, and 
autoinfection (the daughters attach immediately after birth to the same host as 
their mother - Scott, 1982), Gyrodactylus numbers undergo rapid exponential 
growth even on an isolated fish. Depending on the parasite population dynamics 
following an initial infection, one of three outcomes is possible: the parasite 
population does not establish; parasite populations grow exponentially, then 
decrease to become extinct; parasite population continues to grow exponentially 
until it kills the fish. The time frame and the parasite peak burden are very 
variable even within the same group of fish. 
This high variability of parasite population dynamics and the fate of 
infection on individual hosts could be a consequence of initial infectious dose, 
stochastic processes of parasite birth and death at low parasite numbers, host 
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genetics (Scott, 1982, 1985; Van Oosterhout et al, 2006), environ mental factors 
(Scott and Nokes, 1984), parasite species, and host response (Richards and 
Chubb, 1998; Harris et al., 2000). For instance, Richards and Chubb (1998) 
noted that G. bullatarudis were more susceptible than G. tumbulli to the host 
response. Whereas G. bullatarudis population increased and then declined to 
extinction after 40 days on adult guppies, G. tumbulli maintained low-intensity 
infection on 60% of adult fish for over 94 days and did not become extinct over 
the course of the experiment. They attributed these results to the weak immune 
response of the guppies to G. tumbulli, which allows the survival of small 
numbers of parasites, even without addition of naïve susceptible hosts. This 
finding contrasts with the results of Scott and Anderson (1984), who 
demonstrated that G. tumbulli are unable to persist within populations of young 
guppies in the absence of the constant influx of naïve susceptible fish. After the 
first epidemic, in the absence of fish immigration, the parasite population goes 
extinct either due to the low fish densities after the epidemic and/or the 
unsuitability of the available fish as hosts. With regular addition of susceptible 
fish, the parasite population causes recurrent epidemics with the average burden 
of parasites, the amplitudes of the cycles in parasite abundance and the intervals 
between peak abundances directly dependent on the rate of the input of 
susceptible hosts (Scott and Anderson, 1984). The authors attributed these 
oscillatory cycles to the occurrence of a temporary, partial refractory period to 
reinfection. 
To understand the biological basis of the cyclic behavior, Scott (1985) 
investigated the infection dynamics on isolated guppies during the refractory 
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period following natural recovery of an initial Infection. Sy reinfecting the 
recovered fish immediately or after 1, 2,4, 6 weeks post-recovery, Scott (1985) 
found that peak parasite burdens were significantly lower, and occurred 
significantly earlier at ail challenge periods, when compared the paired initial 
infections of controls. Challenge infection had a significantly shorter duration at 0, 
1, 2 weeks post recovery compared with the paired control initial infection, 
suggesting that the refractory period following an initial infection is temporary, 
and that fish regain their full susceptibility within 4-6 weeks. 
Another experiment was designed by Scott and Robinson (1984) to 
investigate the effect of the duration of a primary infection on challenge infection 
on guppies. One or 2 weeks after an initial infection, the infected fish were treated 
to kill the parasites, and immediately challenged. Monitoring the parasite 
population dynamics, the researchers noticed that G. fumbulli did not undergo the 
same growth and decay characteristics during a challenge infection as during the 
initial infection. Regardless of the duration of the primary infection, establishment 
of the challenge infection was lower, the peak parasite burden was lower and 
occurred earlier, and the duration of the infection was shorter, compared with the 
initial infection. Even a very short primary infection of 3 days provided some 
protection against challenge infection and caused the parasites to locate in 
previously unoccupied body regions of the host (Richards and Chubb, 1996). 
These differences between the population dynamics during initial and challenge 
infection may be due to an acquired, non-sterile immunity, and indicate that even 
an initial infection of only 3 days duration may be enough to confer protection to a 
challenge infection. 
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2.3.4 Pathology 
The degree of pathology depends on the host and gyrodactylid species, 
the parasite intensity, the size of the fish, and environmental factors (i.e. 
temperature, crowding and poor sanitation). Infected guppies manifest altered 
swimming behavior. They are unable to maintain their vertical position and 
frequently weave from side to side. During their exploratory behavior, guppies are 
more attracted to come in close contact with heavily infected, or moribund fish, 
exhibiting a different behavior, or even dead ones (Cable et al., 2002a). These 
behavioral changes may be important in the perception of infected individuals by 
the other fish, and increase transmission between hosts. Infected fish produce an 
increased amount of mucus that either detaches from their skin (Scott and 
: 
Anderson, 1984), or tends to hinder movement of the fish because fish are not 
able to extend their fins. Richards and Chubb (1996) noticed in some guppies 
infected with G. tumbulli that the caudal peduncle became white and translucent 
because of an epidermal thickening that returned to normal after recovery from 
infection. The coloration of infected males is reduced (Kennedy et al., 1987) and 
females avoided them (Lopez, 1999). Similarly, Heggbert and Johnsen (1982) 
reported skin depigmentation, an increased mucification, and secondary 
infections in parr of S. salar in Norwegian rivers infected with G. salaris. Co ne 
and Wiles (1989) reported microscopic patches of necrotic tissue induced by the 
attachment of G. co/emanensis to superficial epithelial cells of rainbow trout, but 
due to the continuous movement of the parasites, the necrosis did not develop 
into localized lesions. Morbidity and mortality can be caused directly by the 
parasite, or through secondary infections with protozoa, bacteria or fungal 
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parasites (Cone, 1999). Heavily infected fish become moribund and die. Some 
individuals can get rid of their parasites and recover (Scott, 1985). 
2.3.5 Treatment 
The treatment of choice for guppies consists of a bath with a weak solution 
of formalin (1 :4000) for 1 h (Scott, 1984). Very sick fish do not tolerate formalin 
weil and ail fish should be carefully watched during chemical administration. If 
adverse reaction is observed, fish should be removed from the treatment tank at 
once and placed in clear water (Reed et al., 1998). Other drugs also effective 
against Gyrodactylus, but more toxic for the fish, are potassium permanganate, 
praziquantel, niclosamide and levamisole-HCL (Cone, 1999). Recently, 
Steverding et al. (2005), showed the potential use of 3 and 30 ppmv (parts per 
million by volume) TTO (Australian tea tree - Melaleuca alfemifolia) oil in 
combination with 0.01 % Tween 80 as an effective treatment of Gyrodactylus 
spp. infection. 
2.3.6 Host response against gyrodactylids (Monogenea) 
Various studies on gyrodactylid infections have demonstrated that fish are 
able to mount temporary acquired protection against these ectoparasites (Lester 
and Adams, 1974; Scott, 1985; Richards and Chubb, 1996,1998; Buchmann and 
Bresciani, 1998, 1999). Moreover, several authors indicated the presence of 
cross-protection when the same fish was successively infected with different 
species of gyrodactylids, or Gyrodactylus and other parasites. Following initial 
infections with one or the other of two different species of Gyrodactylus in 
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guppies, Richards and Chubb (1996) reinfected guppies with G. tumbulli or G. 
bullatarudis. Despite the fact that the authors used only 3-day primary infections, 
they concluded that the response of guppies to an initial Gyrodactylus infection 
provides some protection against a challenge infection, regardless of whether the 
sa me or a different species of parasite was used in the initial and challenge 
infections. Buchmann et al. (1999) provided other evidence indicating the cross-
protection of the fish previously infected with Gyrodactylus. When exposed to 
Ichfhyophthirius mulfifi/lis infections, cured fish previously infected with G. 
derjavini became less heavily infected with the protozoan and their mortality rate 
was lower than that of naïve fish. Nevertheless, the exact nature of the host 
response to Gyrodactylus infection remains unknown. However, due to the fact 
that gyrodactylid infections have been associated with hypersecretion of mucus 
and for a localized epithelial cell hyperplasia by fish, the host response seems to 
be predominantly local. Several studies have indicated the crucial importance of 
epidermal mucous cells in the host response against gyrodactylid infections, and 
both the quantity of these cells (e.g. Wells and Cone, 1990; Linderstr0m and 
Buchmann, 2000), as weil as various humoral and cellular factors (e.g. 
Buchmann and Bresciani, 1998, 1999; Buchmann, 1999; Harris etai., 1998, 
2000) seem to be involved in these skin reactions. 
Lester and Adams (1974) first reported the 'cuticular shedding' during 
stickleback infection with Gyrodacfylus alexandri, as a response to eliminate the 
parasite. Similar responses have been reported in infected guppies (Scott and 
Anderson, 1984; Richards and Chubb, 1996). Across various studies, results 
suggest thickening of the epithelium through increase in the number of ce" layers 
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(Appleby et al., 1997) and hyperplasia of epithelial cells (Wells and Cone, 1990), 
and change in mucous cell density through the coursè of infection. In rainbow 
trout infected with G. derjavini, after an initial hyperplasia, a significant depletion 
of approximately 50% of the mucous cell density occurred (Lindenstr0m and 
Buchmann, 2000). Similarly Wells and Cone (1990) reported decreased mucous 
cell density in rainbow trout experimentally infected with G. colemanensis and G. 
salmonis. In contrast, Lindenstr0m and Buchmann (2000) suggested that 
gyrodactylids induce goblet cell proliferation eventually leading to hyperplasia. 
The excessive mucus and the high rate of epithelial proliferation are unfavorable 
for the parasites as they are removed via sloughing of mucus and/or cells. With 
time, the epidermis damage caused by the flukes together with the continuing 
discharge of mucus from mucous cells to combat the infection seems to exhaust 
the goblet cells, which are consequently depleted (Wells and Cone, 1990). 
Moreover, Buchmann and Bresciani (1998) noticed that G. derjavini seems to 
avoid the areas rich in mucous cells in the later phases of the infection. 
ln their in vitro studies, Buchmann et al. (2000) showed that epithelial cells 
are able to interact, encapsulate and degrade G. derjavini. Furthermore, Sigh and 
Buchmann (2000) studied the importance of epidermal putative mast-cells 
(metachromatic thionin-positive cells) in trout infected with G. derjavini. They 
found a marked degranulation and decrease in the density of these cells during 
infection, which suggest their involvement in antiparasitic defense. 
While gyrodactylids browse on infected fish epidermis, they ingest both 
mucus and epidermal cells. The opisthaptoral hooklets induce mechanical 
disruption of the epithelium, exposing the parasite to both mucus and epidermal 
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cell constituents. Buchmann and Bresciani (1998) showed that fish epithelium 
and mucus contain complement and 'therefore gyrodactylids live and feed in a 
complement-rich environment'. They found that the only consistent requirement 
for parasite killing in vitro is complement, via alternate pathway. When 
complement was inactivated by heat or EDTA, parasite killing was lost (Harris et 
al., 1998). In fact, using an immunocytochemical assay, Buchmann (1998) 
reported that complement factor 3 bound directly to the openings and glands of 
the anterior extremity, to the hamulus sheath and to the body surface of G. 
derjavini. The author suggested that carbohydrate epitopes on the parasite 
activated C3 complement. Buchmann and Bresciani (1999) noticed that 
macrophages from rainbow trout attached in vitro, especially to the openings of 
the anterior extremity of living G. derjavini. They speculated that this effect might 
be induced by complement factor C3 released byactivated macrophages. They 
concluded that during host response, macrophages in fish skin may be 
responsible for increased complement levels in trout skin, and for IL-1 release, 
which, in turn, induces host epidermis hyperplasia and enhanced mucus 
secretion. However, there is no evidence so far that macrophages bind to the 
parasite in vivo. 
However, indirect proof that fish mount a non-specific immune response 
against gyrodactylid infections is offered by experiments done by Harris et al. 
(2000). Using immunosupressing implants with hydrocortisone acetate (an 
immunosuppressant with similar action to cortisol, which may downregulate 
complement activity and suppress inflammatory responses), they increased the 
susceptibility of a variety of salmonid species to G. salaris. Similarly, Olafsdottir 
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and Buchmann (2004) showed that treatment with dexamethasone (a 
corticosteroid restraining IL-1 ~ expression in trout cells) increased the 
susceptibility of Atlantic salmon to infection with G. derjavini, through a significant 
increase in mucous cell densities, which, in turn, could account for either a 
decreased anti-parasitic mucus efficacy, or a parasite preference for the intact 
mucous cells. 
To date, no parasite-specifie immunoglobulins have been reported to be 
involved in the host response against Gyrodactylus infection. Buchmann (1998, 
1999) found no binding of immunoglobulins from infected rainbow trout to the G. 
derjavini surface, but the author did not exclude the possibility that antibodies 
bind to molecules in the parasite internai structure. Furthermore, passive 
immunization with native immune sera (with active complement), or heat-
inactivated immune sera (with heat-inactivated complement), or non-immune 
sera (with heat-inactivated complement), did not confer even partial protection 
·against infection with G. derjavini in naïve fish (Lindenstr0m and Buchmann, 
2000). The authors concluded that the elimination of G. derjavini is not primarily 
attributable to a systemic humoral component, although they speculated that the 
transferred components might be rapidly degraded in the recipients. In addition, 
the great mobility of gyrodactylids and their movement onto different fish and the 
substrate may reduce the impact of complement. In fact, although G. salaris is 
affected by activated complement in salmon serum and mucus in vitro, the 
parasite seems to be unaffected, and also it multiplies and often kills the host in 
vivo. 
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2.4 Zinc in fish 
2.4. 1 Source 
Zn is one of the most common elements in the earth's crust. Most Zn 
found naturally in the environment is in the form of zinc sulfide. Zn enters the air, 
water, and soil as a result of both natural processes (erosion of the mineraI 
deposits) and human activities (mining, metallurgical, cosmetics and 
pharmaceutical industries). Also, as Zn is a required trace element, it is added as 
a growth factor in farm animal food (Creech et al., 2004). Waste waters from 
manufacturing of Zn and other metal and Zn chemical industries, domestic and 
farm waste water and run-off fram soil containing Zn can discharge Zn into 
waterways (Toxicological Profile for Zinc May 1994 Updafe - Agency for Toxic 
Substances and Disease Registry United States Public Health Service). 
Moreover, in fish farms unconsumed growth-enhancing nutritional supplements 
containing Zn will increase even further the concentration of waterborne Zn due 
to poor uptake of this element (Wekell et al., 1983) 
ln aquatic systems, most Zn is found in the sediments whereas in the 
water column, Zn is almost entirely particulate and coupled with dissolved organic 
and inorganic compounds (Florence et al., 1992; Rozan et al., 2000). The level of 
dissolved Zn in water may increase as the acidity of water increases. Canadian 
Water Quality Guidelines (CWQG) for aquatic biota, including fish, indicate less 
than 30 JJg/L as an acceptable Zn concentration in water. 
It has been reported that Zn occurs at low concentrations in freshwaters 
(20JJg/L) due to natural watering of minerai deposits (Handy, 1996), but in 
industrialized areas waterborne Zn concentration can exceed 100 JJg/L. Seawater 
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collected from the open ocean may contain lower levels of total Zn (10-600 ng/L), 
but in polluted coastal waters with discharge of industrial effluents Zn can reach 
concentrations of 20-30000 IJg/L (Handy, 1996). 
2.4.2 The physiology and toxicology of Zn in fish 
For aquatic organisms, Zn is both an essential micronutrient (Watanabe et 
al., 1997) and, at high concentrations, an important toxicant in polluted 
environments (Widianarko et al., 2000, 2001). 
\ 
2.4.2.1 Zn as an essential micronutrient. 
Life without Zn is unlikely. As a vital micronutrient, Zn is present in every 
cell of the body, and is involved in the structure or function of more than 300 
enzymes and proteins, some governing the function of DNA, others participating 
in the metabolism of nucleic acids, proteins, carbohydrates and fatty acids (Vallee 
and Falchuk, 1993). Zn is involved in three kinds of functions: catalytic, structural 
and regulatory (Cousins, 1998). Many cellular processes such as protein 
synthesis, cell growth, apoptosis, antioxidant enzyme superoxidase dismutase 
activity, are Zn-dependent. Zn also plays important roles in growth and 
development, in the immune response in terms of increase resistance to infection 
and tumor growth, antiviral proprieties, in neurological function and in 
reproduction. So, depending on species of fish, Zn dietary requirements are 15-
40 mg/kg. If these requirements are not met, Zn deficiency occurs, leading to 
physiological perturbation of growth, reproduction, vision and immunity 
(Watanabe et al., 1997). 
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Fish are able to absorb Zn by two major pathways: the gill and the 
intestine. Waterborne Zn absorption through the gills is influenced by water 
physico-chemical characteristics. Thus, Zn-absorption rate and accumulation into 
the gill tissues is decreased by increased water hardness, elevated cadmium 
content, or by low water pH (Hogstrand and Wood, 1996). The brachial pathway 
for waterborne Zn takes place through an apical Ca2+ channel in the chloride cells 
of gills and may influence both Zn uptake and potential lethal hypocalcaemia 
induced by Zn exposure (Hogstrand et al., 1996, 1998). Dietary Zn uptake is 
likely to be the major source for Zn assimilation, because of the intestine's low 
affinity for Zn2+, and its high capacity for Zn2+ transport (Woodward et al., 1994; 
Glover and Hogstrand, 2002). Digestive secretions may extract Zn from food and 
ingested particulate matter (Powell et al., 1999), increasing its bioavailability. 
According to Wekell et al. (1983), dietary Zn supplementation increased the total 
amount of body Zn in a dose-dependent manner in freshwater rainbow trout 
(Oncorhynchus mykiss). Shears and Fletcher (1983) hypothesized that Zn 
passage across the basolateral membrane is passive. 
From the gills and the intestine, blood transports Zn ions to various 
tissues. In the tissues, metals are distributed according to metabolic requirements 
and physiological mechanisms to manage any excess. Zn is concentrated into 
the storage tissues (Grober-van Heerden et al., 1991), represented mainly by 
skin and bone (Nakano et al., 1992), but may also accumulate in heart, brain, 
gills, kidney, liver and gut (Andres et al., 2000). The mechanisms for maintaining 
Zn homeostasis are so weil regulated that Zn deficiency occurs extremely rarely 
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in fish. Zn is normally excreted via kidney or chloride cells of the gills (Hogstrand 
and Wood, 1996). 
2.4.2.2. Zn as an important toxicant. 
Orally assimilated Zn may cause chranic toxicity (Woodward et al., 1994), 
whereas brachial uptake is thought to be responsible for acute pathology 
(Hogstrand et al., 1996, 1998). However, only excessive environmental Zn is 
considered to be toxic, seriously affecting aquatic organisms, with lethal or 
sublethal effects (Widianarko et al., 2000,2001). 
Fish Zn sensitivity is highly variable. For instance, it depends on species of 
fish exposed, with Perciform fish being the most resistant, whereas the 
Clupeiforme group is the most sensitive. Water salinity influences Zn sensitivity 
as weil, so that in general, freshwater fish are more sensitive to zinc than marine 
species (Eisler, 1993). Aiso developmental stage affects the sensitivity to Zn, 
embryos and larvae being the most sensitive. Gender influences Zn sensitivity as 
weil, female guppies being reported to be more resistant than males to acute zinc 
toxicity (Eisler, 1993). 
Acute lethality of dissolved Zn increases with decreasing water hardness 
and pH. Although typically 96 h LC50 for waterborne Zn concentrations are 1-10 
mg/L in soft water and 3-20 mg/L in hardwater, there are reported values ranging 
fram 90 IJg/L to 40 mg/L (Hogstrand and Wood, 1996). 
Zn-induced behavioral changes (ventilation and cough rate; avoidance or 
attractance, activity, loss of appetite) occur at concentrations as low as 5.6 IJg 
Zn/L (Atchinson et al., 1987). Zinc poisoning in fish induced hyperactivity followed 
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by sluggishness before death, lethargic and uncoordinated surface swimming, 
hemorrhage on gills and at the base of fins, shed scales, and extensive body and 
gill mucous (Eisler, 1993). 
Impairment of reproduction is the most sensitive effect of Zn exposure. In 
soft water, concentrations up to 50 ~g Zn/L impair fish reproduction through the 
reduction of the number of spawnings and eggs produced per female (Hogstrand 
and Wood, 1996). 
Elevated concentrations of waterborne Zn induce disruption of gill tissue, 
disturbance of acid-base and ionic regulation (e.g., impairment of brachial uptake 
of Ca2+), and hypoxia (Kock and Bucher, 1997), proliferation or enhanced 
turnover of ionocytes (Hogstrand and Haux, 1991; Roesijadi, 1992), displacement 
of other metals from various enzymes (Roche and Boge, 1993), interactions with 
ion-transport channels (ATP-ases) in ail membranes (McGeer et al., 2000), and 
increased production of metallothioneins (Borghesi and Lynes, 1996). Sanchez-
Oardon et al. (1999) showed immunosuppression of phagocytic activity of 
macrophages in rainbow trout exposed for 30 days to 10 and 50 ~g Zn/L, but not 
to 30 ~g Zn/L. In contrast, in zebrafish exposed to 50 ~g/L of Zn for 7 days, 
Rougier et al. (1994) found significantly increased phagocytic activity, 
suppression of non-specific cytotoxic cell activity, and a significant decrease in 
the proportion of leukocytes. However, following exposure of fish to Zn polluted 
waters, Iger et al. (1994) also noticed leukocyte invasion of the dermis and 
epidermis. These conflicting results could be atlributed either to the different 
sensitiveity of the species tested, concentration tested, duration and/or route of 
exposure. 
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2.4.2.3. Detoxification and acclimation to elevated Zn exposure. 
The survival of aquatic organisms in Zn polluted waters depends on the 
homeostatic control of both mechanisms of the absorption of Zn and mechanisms 
for limiting its assimilation and/or toxicity. After absorption, the organism must 
either eliminate it through excretion or sequester it to prevent toxicity (Sa uer and 
Watabe, 1984). Sa uer and Watabe (1984, 1989) showed that fish scales 
incorporated Zn into the mineralized osseous layer. After 8 weeks of exposure at 
10 IJg Zn/L, 'Iysosomal structures' of osteoblasts had a dramatic increase in the 
metal content, suggesting that these organelles are involved in the accumulation 
of heavy metals by fish scales, as part of storing and/or detoxification process. 
Furthermore, waterborne Zn exposure induced production of metallothionein 
(MT), a sm ail intracellular metal-binding protein that contains cysteine-rich 
polypeptides involved in metal chelation, that plays an important role in 
detoxification of both essential (Zn and Cu), and nonessential (Cd, Hg, Ag) heavy 
metals (Hogstrand and Haux, 1991). The percent of Zn bound to MTs in fish liver 
increases substantially when fish are exposed to Zn (Hogstrand and Haux, 1990; 
Hogstrand et al., 1991). Moreover, MT synthesis was shown to be directly 
induced by metals (Cu, Zn, Cd, Hg, Ag). 
Fish surviving chronic, sublethal exposure to Zn (and other metals) is able 
to correct the ionic disturbance, and to acquire physiological acclimation. After a 
short period of physical damage and disruption of physiological homeostasis, a 
recovery period follows, when tissue repair begins and synthesis of MTs is 
upregulated, thus re-establishing a homeostatic equilibrium with increased 
tolerance to the metal (McGeer et al., 2000). For instance, a 2.5 times increased 
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Le50 was recorded in 5 day-Zn-exposed trout, compared with unexposed fish 
(Bradley et al., 1985). 
2.4.2.4 Guppies response to elevated Zn exposure 
Widianarko et al. (2000, 2001) found that guppies did not avoid highly 
polluted sites, and are weil established in polluted water. Moreover, they noticed 
significant differences in body concentrations of Zn between fish collected from 
sites with different degrees of pollution. The body metal concentrations were not 
influenced by the fish size, but were correlated with the concentrations in 
sediments. These suggest the guppies tolerate Zn, rather than regulate its 
uptakelexcretion. The authors concluded that guppies from urban streams are a 
good bioindicator for urban metal pollution of sediments and at the same time, 
they are useful test animais in aquatic toxicity experiments. 
2.4.3 Zn toxicology in aquatic parasites 
The toxic effects of pollutants (e.g. heavy metals) on aquatic parasites 
have been a subject of increasing interest in recent years. Several studies 
concluded that fish parasites generally reflect environmental disturbances (Khan 
and Thulin, 1991; Mackenzie et al., 1995), and may be useful as bioindicators 
(Sures, 2002). 
To date, almost ail the toxicological studies in trematodes were done on 
larval digeneans (miracidia, cercariae, metacercarie) in terms of their survival, 
activity, free encystment, selective binding of pollutants to various parasitic 
structures, and host location behavior. Depending on the developmental stage 
37 
and the concentration of toxicant, the effects were either detrimental or, on the 
contrary, beneficial because of the impairment of host response (Table. 1). 
To date there are only few reported studies on the impact of various 
metals (AI, Cu, Zn, Fe, Mn) on Gyroactylus. Thus, it has been demonstrated that 
AI and Zn exposure in concentrations ranging fram 50 to 200 ~g AI/L and 50 to 
400 ~g Zn/L respectively, had a negative impact only in G. salaris infections and 
did not affect Atlantic salmon, its host (Soleng et al., 1999; Poléo et al., 2004). 
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Table 2.1: Waterborne Zn effects on larval digeneans 
Parasite Stage Toxicant Dose Effect Suggested Mechanism References 
Cd Inhibition of utilization of 
10 IJg/L Survival i glycogen reserves / Miracidia at Zn Activity t Enzymatic inhibition of 
maximum glycogen synthesis 
infectivity upon Cd 100 Survival t hatching Zn IJg/L 
Cd and 10 IJg/L Survival t Cd and Zn are antagonistic Zn 
Miracidia after Cd Morley et 
maximum 10000 Survival t Metal toxicity i al.,2001a infectivity upon Zn IJg/L 
hatching 
Schistosoma Cd 1000 Avoidance 
mansoni Zn IJg/L behavior 
Sensorial host 
Miracidia Cd and 100 location and Metal bound to skin 
Zn IJg/L infection t sensory structures 
- Transmission t 
Zn 10000 Metal IJg/L accumulation i 
Survival t Disrupted tegumental integrity 
6810 Penetration t Ash and Cercariae Zn IJg/L Sensorial host Dresden, i location and Proteases inhibition 1977 
infection t 
Transmission t 
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Table 2.1 (continued) 
Survivall Enzymatic inhibition 
Zn 100 1 nfectivity l Enzymatic inhibition of Evans, IJg/L Swimming l penetration gland 1982 
Transmission l secretions 
Echinoparyphim Cd Orientation 
recurvatum Cercariae Zn 10 IJg/L behaviour l Transmission l Metal bound to skin Morley et Cd Sensorial host 
1000 location and sensory structures al.,2003b 
Zn IJg/L infection l 
Transmission l 
Cd 0.1-100 Survival l with Depletion of glycogen Morley et 
Zn IJg/L concentration i reserves al.,2001b 
Cd and 0.1-100 Cd and Zn are antagonistic Morley et 1 
Diplostomum Zn IJg/L Survival i Inhibition of utilization of al., 2002 1 
spathaceum Cercariae glycogen reserves 
0.1 IJg/L Inhibition of utilization of 
Zn for 3 h Activity l glycogen reserves Morley et 
0.1 IJg/L Transmission l al.,2003a 
for 24 h 
Cryptocotyle Cercariae 1000- Swimming / Cross et al., lingua Zn 2000 Transmission l Metal accumulation i 2001 1J9/L Survivall 
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CHAPTER3 
CONCENTRATION-DEPENDENT EFFECTS OF WATERBORNE 
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3.1 Summary 
The effect of waterborne zinc (Zn) on Gyrodacfylus population dynamics 
was studied on isolated guppies maintained at concentrations ranging from 0 to 
240 IJg Zn/l. After one week pre-exposure to Zn, each fish was experimentally 
infected with three gyrodactylids and parasite numbers were recorded daily on 
each fish until the fish either died or recovered from infection. Parasite 
establishment was most successful at 0 and 240 IJg Zn/l (97%) compared with 
the intermediate Zn concentrations. Low to moderate concentrations of Zn were 
beneficial to the parasite, as evidenced by the concentration-dependent increase 
in peak parasite burden on recovered fish up to 120 IJg Zn/l. In contrast, 240 IJg 
Zn/l may have been toxic to the parasite, as both peak parasite burden (in fish 
that recovered from infection), and maximum rate of increase of the parasite 
population (in fish that died) declined at this concentration. The combined effect 
of infection and Zn is harmful to the fish, because mortality of infected fish (but 
not uninfected fish) increased with increasing Zn concentrations. We suggest 
that the observed mortality occurs because of the inabili~y of fish to continuously 
produce mucous that is a key factor for protecting fish from both waterborne Zn 
and ectoparasites. 
Key Words: Gyrodacfylus, guppy, waterborne zinc, population dynamics, 
parasite, monogenean, heavy metals. 
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3.2 Introduction 
Recent reviews (Poulin, 1992, Overstreet, 1993; Khan and Thulin, 1991) 
indicate that pollutants in the surrounding macroenvironment directly influence 
the population dynamics, distribution and dispersal of fish ectoparasites, often 
leading to increased ectoparasitism (Khan and Thulin, 1991; Poulin, 1992), 
especially in situations such as aquaculture where the high densities of fish 
provide an ideal environ ment for direct fish-to-fish transmission (Mailer, 1987). 
Metal contaminants of the aquatic environ ment such as zinc (Zn) influence host-
parasite interactions either through harmful effects to the parasite (Overstreet, 
1993; Soleng et al., 1999; Poléo et al., 2003) and/or through reduced host 
resistance to infection (Khan and Thulin, 1991; Poulin, 1992; Overstreet, 1997). 
ln turn, parasites may reduce host tolerance to pollutants (Khan and Thulin, 
1991; Ove rstreet , 1997). 
ln aquatic systems, most Zn is found in the sediment. In the water column, 
although Zn is almost entirely particulate and cou pied with dissolved organic and 
inorganic compounds (Florence, Morrison and Stauber, 1992; Rozan et al., 
2000), it may still be bioavailable (Gag non and Saulnier, 2003). As an 
indispensable micronutrient, Zn is added as a growth-enhancing nutritional 
supplement in aquaculture (15 to 150 JJg Zn/g in trout diet, Handy, 1996), but high 
quantities of unconsumed fish food result in Zn concentrations that exceed the 
Canadian Water Quality Guidelines (2001) of 30 JJg Zn!1 for the protection of 
aquatic life. In freshwater, Zn occurs at low concentrations (up to 20 JJg/l) due to 
natural weathering of minerai deposits, but in industrialized areas waterborne Zn 
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concentrations can increase far above 100 I-IglI (Handy, 1996). Seawater 
collected from the open ocean contains low levels of total Zn (0.01-0.6 I-Ig/I) , but 
Zn concentrations in coastal waters polluted with industrial effluents have been 
reported to reach 30,000 I-Ig/I (Handy, 1996). 
Excessive environ mental Zn canseriously affect the survival of aquatic 
organisms such as fish (Widianarko et al., 2000, 2001). Although most estimates 
of the 96 h LC50 for fish are 1-10 mg Zn/l in soft water and 3-20 mg Zn/I in hard 
water, values range from 0.09 to 40 mg/l (Hogstrand and Wood, 1996). To date, , 
toxicological studies on parasites have been performed on survival, activity, and 
encystment of larval digeneans, and results have varied depending on 
concentration, and the parasite species. Survival of miracidia and cercariae 
begins to be impaired at concentrations in the order of 100 IJg/1 (Asch and 
Dresden, 1977; Evans, 1982a, b: Morley, Crane and Lewis 2001a, 2001b, 2002). 
Exposure of Atlantic salmon to 50 to 400 IJg Zn/I induced a significant decrease in 
the numbers of the ectoparasitic monogenean, Gyrodactylus salaris but had no 
apparent effect on the salmon (Poléo et al., 2003). Thus, it appears that 
gyrodactylids are more sensitive to Zn than their hosts, but very few studies have 
examined the concurrent effects of pollutants and parasites on fish. 
The aim of the current research was to further explore the effects of 
waterborne Zn on the population dynamics of gyrodactylids on isolated fish, using 
Gyrodactylus tumbulli Harris, 1986 that lives on the skin and fins of the guppy, 
Poecilia reticulata (Peters) as our experimental model. Gyrodactylids are small 
(0.4-0.8 mm body length) epidermal feeders infecting many families of marine 
and freshwater teleost fish (Kearn, 1998; Cone, 1999). Their viviparous 
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reproduction together with their direct fish-to-fish transmission makes them 
important pathogens in aquaculture (Cable, Harris and Tinsley, 1996; Cable et 
aL, 2002a; Cable, Tinsley and Harris, 2002b; Johnsen and Jensen, 1991; 8akke 
et al., 1992) where they cause both direct mortality and indirect mortality through 
secondary bacterial or fungal infections (Kearn, 1998; Woo, 1999). On isolated 
fish, gyrodactylid numbers increase exponentially after an initiallag period. 
Some fish are able to control the infection and parasite numbers subsequently 
decline to zero. Other fish succumb to the infection and die (Scott, 1985). The 
phases of infection (initiallag, time to peak, time to recovery) have highly variable 
lengths depending on fish response (Scott and Robinson, 1984; Scott, 1985; 
Richards and Chubb, 1996, 1998), parasite virulence and the influence of various 
environmental factors (Scott and Nokes, 1984; Soleng et al., 1999; Poléo et a/., 
2003). Our study was designed to determine whether the phases of infection are 
influenced by the concentration of waterborne Zn. 
3.3 Material and Methods 
3.3.1 Host and parasite 
The experiments were completed on isolated immature guppies (2 cm 
body length), naïve to Gyrodactylus infection, bred in our lab from a stock of adult 
guppies purchased through a local pet supplier. The fish were kept in 
transparent, covered, small plastic containers in an incubator at 25°C and 
constant light cycling (16L:8D), in 200 ml of artificial freshwater (Singh and 
Srinivastav, 1993) containing 0.123 9 NaCI, 0.065 9 Na2S04, 0.004 9 KCI, 0.117 
9 CaCI2 and 0.04 9 MgCI2 per liter distilled water, and adjusted to pH 7.6 with 
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NaHC03 (Fisher Scientific, Montreal, Canada). Various concentrations of Zn (0, 
15, 30, 60, 120, 240 ~g/I) were added as ZnCI2 with 98% purity (Anachemia 
Canada Inc., Montreal, Canada). 
T 0 confirm that Zn concentrations remained stable in the presence of fish 
that were fed Nutrafin Max Complete Flake Food (Rolf C. Hagen Inc., Montreal, 
Canada) once a day, we monitored Zn concentrations in our 200 ml containers at 
0,24 and 48 hours. For each of the six Zn concentrations at each of the three 
time points, a 50 ml sample fram each of three replicate 200 ml containers was 
filtered, acidified to a pH of 2, and stored at 4°C. Samples were analyzed using 
inductively cou pied plasma emission source in the chemistry laboratory of st. 
Lawrence Centre, Enviranment Canada, Montreal, Canada. Within each 
prepared concentration, there was no significant difference in Zn concentration 
over the 48 h period (Table 3.1). Based on these results, artificial freshwater 
solutions were used for ail experiments, they were replaced every two days, and 
the experimental fish were fed Nutrafin Max Complete Flake Food flakes once a 
day. As it was not possible to prepare a rtifi ci a 1 freshwater that contained less 
than 8 ~g Zn/l, ail measured concentrations were appraximately 8 ~g/l higher 
than the intended values (Table 3.1). The detected concentration of 8.31 ~g/l in 
solutions to which no Zn was added was similar to the average obtained fram our 
guppy breeding tanks (8.6 ± 1.3 ~g Zn/l). For convenience, we will refer to the 
amount of Zn added, rather than to the measured final concentrations. 
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Table 3.1: Measured Zn concentration in experimental solutions. Resulting Zn 
concentrations, averaged from samples collected at 0, 24 and 48 hours after 
isolated guppies were introduced into 200 ml of artificial freshwater to which 
various concentrations of Zn had been added. Fish were fed once at 24 hours. 
Intended 1-19 Zn Il 
Measured 1-19 Zn Il 
±SE 
o 
8.3 ± 
0.7 
15 
23.7 ± 
1.3 
30 
38.1 ± 
2.1 
60 
68.5 ± 
4.8 
120 
129.5 ± 
8.6 
240 
260.3 ± 
10.9 
Gyrodactylus tumbulli was originally obtained from infected guppies 
purchased from a local pet supplier, and was maintained in the laboratory by 
weekly addition of naïve fish into tanks with infected guppies. Experimental fish 
were anaesthetized for a maximum of five minutes in 50 ml of 0.02% tricaine 
methanesulfonate (Finquel MS222, Argent Chemical Laboratories, Washington) 
buffered to a neutral pH with·NaHC02, during infection and subsequent daily 
monitoring, using a dissecting microscope with a cold light source. Each -
experimental fish was infected by transfer of three G. tumbulli on a scale or small 
piece of fin from an infected donor to the caudal peduncle of a naïve recipient 
(Scott, 1982). Ali procedures were approved bya McGili University Animal Care 
Committee, in accordance with the Canadian Council on Animal Care Guidelines 
(1993). 
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3.3.2 Experimental proto col and outcome measures 
Between 30 and 36 fish were randomly assigned to one of six solutions (0, 
15, 30, 60, 120, 240 IJg Zn/I). After one week pre-exposure to the respective Zn 
concentration, each fish was experimentally infected and then maintained in the 
same concentration of Zn until its death or until parasite numbers remained at 
zero for at least three consecutive days (defined as recovery). The number of 
parasites on each fish was recorded daily to follow the parasite population 
dynamics. Establishment (parasite numbers increased to at least 4 parasites 
within the first 5 days) was recorded for each of the Zn concentrations and a 
minimum for 24 infected fish per concentration. We recorded the following 
outcomes: (1) peak burden, (2) time to peak burden, (3) percent mortality of fish, 
(4) survival time for fish that died, (5) duration of infection on recovered fish, (6) 
percent of recovered fish with a long recovery period where parasite numbers 
remained low for more than five days after the rapid decline from peak burden, 
and (7) maximum intrinsic daily rate of increase of parasite population per fish, 
calculated as ln (N2/N 1), where N1 and N2 are the parasite numbers on two 
consecutive days. 
An additional 10 uninfected fish were maintained under identical conditions 
in each of the six Zn concentrations, and handled daily. Their survival was 
monitored for 45 days in order to determine whether fish mortality could be 
attributed to Zn exposure alone. 
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3.3.3 Statistical analysis 
Ali categOrical variables were analyzed using X2 and the binomial 95% 
confidence limits for percentages are reported (Roh If and Sokal, 1981). For ail 
continuous variables, the mean and SE are reported. In order to determine 
whether the pattern of parasite burdens over time on individual fish differed 
among Zn concentrations, a repeated measures ANOVA including Zn and time 
as the independent variables was used. The effect of Zn concentration was 
assessed using Kruskal-Wallis non-parametric ANOVA for peak burden, time to 
peak, survival time and time to recovery. In addition, linear and polynomial 
regression analyses were used to detect trends in outcome parameters with 
increasing Zn concentration. The maximum intrinsic daily rate of increase of the 
parasite population was compared among Zn concentrations using a 1-way 
ANOVA. Analyses were performed using SAS Version 9.1 software. The level of 
significance was established at p<0.05; statistics are reported only for significant 
effects. 
3.4 Results 
Of the 197 fish that were exposed to G. tumbulli, 34 fish did not retain their 
infection for more than 4 days, and therefore the parasite was not considered to 
have established on these fish. The overall number of fish on which the parasite 
successfully established differed significantly among waterborne Zn 
concentrations (X2 = 14.19, df= 5, P = 0.0144). Visual inspection of the data 
revealed that establishment was highest (97%) in fish exposed to 0 and 240 IJg 
Zn!1 and lowest (69%) in fish exposed to 15 IJg Zn!1 (Fig. 3.1). 
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Fig. 3.1 The effects of waterborne Zn concentration on Gyrodactylus tumbulli 
establishment (.) (n = 30, 36, 31, 35, 34, 31, respectively for concentrations 
ranging fram 0 to 240 ~g Zn/I). Isolated guppies were pre-exposed to various Zn 
concentrations for one week prior to infection with three parasites each. 
3.4. 1 Population dynamics on infected fish that recovered 
A total of 69 fish became infected but then recovered. The average peak 
burden on these fish ranged from 10±2 to 37±5 parasites (Fig. 3.2A), and 
infections persisted between 18±2 and 29±7 days on average (Fig. 3.2C). 
Parasite numbers differed significantly with Zn concentration (F5,63 = 4.47, P = 
0.015) and with time (F68, 1286 = 1.96, P < 0.0001). In order to more fully explore 
these patterns, we compared the maximum intrinsic daily rate of increase of the 
parasite population, the peak parasite burden, the time to peak burden, the 
percentage of fish with a long recovery period and the duration of infection 
among Zn concentrations. 
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Fig.3.2 The effects of waterborne ln concentration on infection parameters in 
guppies that recovered from an initial infection with three Gyrodactylus tumbulli (n 
= 22, 12, 11, 10, 8, 6, respectively for concentrations ranging from 0 to 240 ~g 
Zn/l). Data (~) and best fit linear or polynomial regression (-); (A) peak parasite 
burden, y = -0.0014 x2 + 0.2761 x + 22.553; (8) time to peak parasite burden, y = 
-0.0004 x2 + 0.116 x + 6.5098; (C) duration of infection, y = 0.0429 x + 21.005; 
(D) percent offish with long recovery phase, y = 0.1406 x + 18.6. 
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Whereas the maximum intrinsic rate of the increase of the parasite population 
was unaffected by Zn concentration, both peak parasite burden (Fig. 3.2A; F1, 68 = 
3.80, P = 0.0274) and time to peak (Fig. 3.28; F1, 68 = 6.05, P = 0.0039) increased 
but then declined as Zn concentration increased and these two parameters were 
highly correlated (r69 = 0.43, p = 0.0002). In contrast, the duration of the infection 
(Fig. 3.2C; F1,68 = 3.75, P = 0.0571 - borderline significance) and the proportion 
of fish with an extended recovery period (Fig 3.2D; F1, 5 = 48.30, P = 0.0023) 
continued to increase linearly with increasing Zn concentration. Together these 
data indicate that Zn had positive effects on parasite population growth over 
concentrations up to 60 or 120 fJg Znll and that even the highest concentration 
allowed prolonged infection of fish. 
3.4.2 Effects of infection and Zn on guppy mortality 
The percent mortality among infected fish increased linearly (F1, 5 = 8.26, P 
= 0.045) as Zn concentration increased, from 24% in fish maintained at 0 fJg Znll 
to 80% for fish kept in 240 fJg Znll (Fig. 3.3A). Repeated measures ANOVA of the 
pattern of parasite numbers over time revealed significant Zn, time and Zn*time 
effects (F5, 88 = 5.21, P = 0.0003; F48, 1508 = 9.40, P < 0.0001, and F170, 1508 = 1.48, 
P < 0.0001 respectively). On average, the peak parasite burden in these fish 
ranged from 94 ±17 to 173±42 gyrodactylids per fish and the survival time ranged 
from 16±2 to 20±2 days, but neither parameter was significantly affected by Zn. 
The maximum intrinsic growth rate of the parasite population increased 
significantly as Zn concentration increased to 30 fJg Znll, then declined (Fig. 3.38; 
F2,93 = 3.76, P = 0.0271). 
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Fig. 3.3 The effects of waterborne Zn and Gyrodactylus turnbulli infection on (A) fish 
mortality among (0) uninfected fish monitored for 45 days (n = 10 1 concentration) or ( • ) 
fish infected with three G. turnbulli and then monitored until they recovered from infection 
or died (minimum of 24 fish per concentration); best fit Iinear regression for infected 
fish(-), y = O. 1753x + 43.914; and (8) maximum intrinsic rate of increase of the parasite 
on fish thatdied following infection (.) (n = 7, 13, 13, 17, 20, 24, respectively). Means 
with the sa me letter are not significantly different. 
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ln order to determine whether the observed mortality was due to infection, 
to Zn, or to the combined effects of the two stressors, we compared survival 
between fish exposed only to Zn, and those exposed to Zn and infection. 
Mortality was significantly higher in infected fish compared with uninfected fish 
exposed to waterborne Zn, especially at the higher Zn concentrations (Fig 3.3A; 
l =26.25, df =11, P = 0.0355). Uninfected fish experienced no mortality for the 
first 35 days of exposure, regardless of Zn concentration, and mortality after day 
35 was independent of Zn concentration (Fig. 3.3A). 
We therefore concluded that the high mortality observed in infected fish 
was induced either by the parasite or by combined effects of parasite and Zn 
exposure, but not by Zn exposure alone. 
3.5 Discussion 
ln this study, fish were broadly divided into three categories, based on 
their response to infection. On some fish, the parasite was unable to successfully 
establish an infection. The proportion of fish falling into this category was highest 
at intermediate zinc concentrations. Successful establishment of gyrodactylid 
infections depends in large part on the parasite finding a suitable epidermal 
habitat on the fish. For example, gyrodactylids avoid areas rich in mucous cells 
(Buchmann and Bresciani, 1998), and also get trapped and sloughed off in 
excess mucous (Wells and Cone, 1990). We observed patches of mucous over 
the guppy epidermis in fish that had been pre-exposed to between 15 and 60 IJg 
Znll, and suggest that the presence of mucous would have made the epidermis a 
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less suitable habitat, thus explaining the reduced establishment success at 
intermediate concentrations of zinc. 
The second category of fish were those on which the parasite successfully 
established and parasite numbers increased, but then declined to zero. Among 
these fish, the percentage of fish with a prolonged recovery period showed a 
linear increase in response to zinc concentration. One interpretation of these data 
is that the host was less able to control infection as zinc concentration increased, 
leading to longer recovery period. Interestingly, the most dominant host 
response to both gyrodactylid infection (Wells and Cone, 1990; Linderstrom and 
Buchmann, 2000) and to zinc exposure (Iger, Jenner and Wendelaar, 1994; 
Khunyakari, Tare and Sharma, 2001) is mucous production. Mucous and its 
associated complement and IL-1 are consistently reported as a requirement for 
killing of gyrodactylids (Buchmann, 1998, 1999; Harris, Soleng and Bakke, 1998; 
Buchmann and Bresciani, 1999). Mucous also greatly reduces underlying tissue 
exposure to zinc (Glover and Hogstrand, 2002) because of its high metal binding 
capacity (Handy, Eddy and Romain, 1989; Shephard, 1994), and this, together 
with the continuai sloughing of both mucus and epithelial cells (Shephard, 1994; 
Glover and Hogstrand, 2002) prevents fish from accumulating zinc in tissues. 
Given that mucous production is central to control of infection and to protection 
against zinc, why then would fish be less able to control infection as zinc 
concentration increased? A variety of studies both on zinc (Iger et al., 1994) and 
on gyrodactylid infection (Wells and Cone, 1990) show that fish cannot 
continually produce mucous. An initial stress induces mucous production but this 
can only be maintained for a short period of time, after which mucous release 
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stops until the mucous cells are repleted. This may help to explain the high 
establishment of the parasite at 240 IJg Zn/l compared with intermediate zinc 
concentrations. In the case of more chronic stress, mucous production gradually 
declines, either because of exhaustion of mucous production capacity or because 
of a graduai acclimation to the stress which no longer induces a mucous 
production response (McGeer et al., 2000). We suggest that the combined 
demands of high zinc exposure and infection exhausted the ability of the guppies 
to continue to produce mucous, leading to prolonged infection in those fish that 
were eventually able to recover. 
Although there was no zinc-dependent effect of the maximum intrinsic 
growth rate of the parasite population in fish that recovered, the peak parasite 
load and the time to peak burden both increased then declined as zinc 
concentration increased. A depletion of mucous production would account for the 
increase in parasite numbers and time to peak at the intermediate zinc 
concentrations, but doesn't explain why these parameters would decline at the 
higher zinc concentrations. Zinc toxicity would account for this observation, and 
has been hypothesized by Poléo et al. (2003). They reported a significant 
decrease in numbers of G. salaris on Atlantic salmon exposed to Zn in 
concentrations ranging from 50 to 400 IJg Zn/l. Zinc toxicity in invertebrates has 
also been indicated by reduced longevity of free-living miracidia and cercariae 
when exposed to 100 IJg Zn Il and higher (Asch and Dresden, 1977; Evans, 
1982a, b: Morley et a/. 2001a, 2001b, 2002), and reduced reproduction in some 
terrestrial earthworms (Spurgeon and Hopkin 1996; Nursita, Singh and Lees, 
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2005). Our data from guppies exposed to high concentrations of zinc support 
the hypothesis that chronic exposure to zinc may be toxic to the parasite. 
The third category of fish were those on which the infection became 
established and increased unchecked eventually leading to the death of the 
guppies. The proportion of infected fish that died increased with increasing zinc 
concentration. Under natural conditions, fish are exposed to many stressors 
including various pollutants and a range of infectious organisms. The ability of 
fish to survive these stressors depends not only on their tolerance to the 
pollutants, but also on their ability to kill pathogens or limit their growth, and to 
repair tissue damage induced by the pathogens. We observed very little mortality 
in our uninfected fish, suggesting that chronic exposure for 45 days to 
concentrations up to 240 IJg Zn!1 was insufficient to cause mortality in the 
absence of infection. This was not surprising as guppies are known to survive 
weil in waters highly polluted with heavy metals (Widianarko et al. 2000, 2001), 
with LCso of 14.5±0.3 mg!1 and 12.6±0.2 mg!1 Zn after acute exposure for 24 and 
48 h, respectively (Khunyakari et al. 2001). Whereas zinc alone had no impact 
on guppy survival, our study demonstrates that mortality on infected fish 
responded in a concentration-dependent manner to increasing concentrations of 
waterborne zinc. Gyrodactylids are known fish pathogens (Kearn, 1998; Cone, 
1999, Scott, 1985) that browse the fish epidermis, ingesting both mucus and 
epidermal cells (Buchmann and Bresciani, 1998). Moreover, their opisthaptoral 
hooklets cause mechanical disruption of the epithelium that provides entry points 
forsecondary bacterial infections (Cone, 1999). Scott (1985) reported 49% 
mortality among isolated guppies initially infected with three G. turnbulli, a value 
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comparable to what we observed among fish exposed to 15 I../g Znll, but much 
lower than that observed at higher zinc concentrations. 
The increased mortality at higher concentrations could have been an 
indirect result of increased pathology due to higher parasite loads as zinc 
concentration increased. However, this is not consistent with our observations. 
First, among the fish that died, the maximum intrinsic growth rate of the parasite 
population did not increase, but rather declined at the higher zinc concentrations. 
Second, the peak parasite burden on fish that died was independent of zinc 
concentration. Alternatively, the increased mortality at higher zinc concentrations 
might have resulted from impaired host responses at the higher concentrations. 
This would allow the parasite population to increase to high levels, unchecked by 
the host response, perhaps because of exhaustion of the ability to produce 
mucous. A third possibility is that tissue damage caused by the parasites may 
have facilitated entry of zinc into host tissues by breaking the mucous barrier, 
thus increasing its toxic effect on the guppy, and perhaps reducing their ability to 
repair tissue damage induced by infection. 
ln $ummary, we suggest that the demands on mucous production induced 
by the one-week pre-exposure to zinc prior to infection, together with subsequent 
infection-induced and zinc-induced production of mucous, exceeded the capacity 
of the host for sustained mucous release, allowing the parasite' numbers to grow 
unchecked. Together, the pathogen and the pollutant reduced the percentage of 
fish that were able to survive the combined challenges in a zinc concentration-
dependent manner. Although our data also suggest that chronic exposure to 
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high zinc concentrations may be toxic to the parasite, results indicate that zinc 
affects guppy-gyrodactylid interactions on isolated fish in a way that is, overall, 
more detrimental to the host than to the parasite. 
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CONNECTING STATEMENT BETWEEN CHAPTER 3 AND CHAPTER 4 
Our first experiment revealed that after one week of pre-exposure to Zn, 
peak parasite burden and time to peak increased in recovered fish kept in up to 
120 I-Ig Zn/L, then declined, in the ones kept in 240 I-Ig Zn/L (Gheorghiu et al., 
2006). We suggested that these patterns could be attributed either to a direct 
effect of Zn on parasites (beneficial for the concentrations up to 120 I-Ig Zn/L, or 
toxic at 240 I-Ig Zn/L), or an indirect effect of Zn on the parasite, mediated through 
the host response to both stressors. 
The next manuscript describes a set of experiments designed to determine 
the impact of Zn on: (1) lifetime survival, reproduction and morphometrics of 
parasites on their host; (2) survival of detached parasites. 
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4.1 Abstract 
Recent reviews indicate that pollutants in the surrounding macroenvironment 
directly influence the population dynamics, distribution and dispersal of fish 
ectoparasites, often leading to increased parasitism. The aim of the current study 
was to explore the effects of sublethal concentrations of waterborne zinc (up to 
240 IJg Zn/L) on survival, reproduction and morphometrics of Gyrodaefy/us 
fumbulli, a viviparous monogenean infecting the skin and fins of the guppy, 
Poeeilia refÎeu/ata. Parasite survival and reproduction on the fish were recorded 
daily for individual parasites maintained in isolated containers. Both survival and 
reproduction were reduced in 30 and 120 IJg Zn/L, compared with 0,15, and 60 
IJg Zn/L indicating direct toxic effects of Zn on the parasite. However, as 
generation time was unaffected by Zn, we attribute the reduced reproduction to 
the shorter lifespan. Parasite survival off the fish was monitored hourly. 
Average lifespan of the detached parasites decreased linearly from 19.5 h in 0 IJg 
Zn/L to 17.3 h in 240 IJg Zn/L, further supporting the direct toxic effect of Zn to the 
parasite. In addition, temporal dynamics of parasite morphometrics were 
monitored from mini-epidemics sampled after 1, 5, 10, and 15 days exposure to 
various Zn concentrations. Ali morphological parameters decreased significantly 
in response both to concentration and duration of exposure to waterborne Zn. 
Together these data clearly indicate that concentrations as low as 120 IJg Zn/L 
are directly toxic to G. tumbulli. 
Keywords: Heavy metal toxicity; Waterborne zinc; Guppy; Gyrodactylids; 
Reproduction; Lifespan; Survival; Morphometrics 
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4.2 Introduction 
Gyrodactylus species are monogenean ectoparasites living on the skin, 
fins and gills of many families of marine and freshwater teleost fish (Harris et al., 
2004). There are over 400 species of Gyrodactylus species ranging between 0.2-
0.8 mm in length, ail with similar morphology (Bakke et al., in press). The young 
newborn contains within its uterus several generations of embryos in sequential 
stages of development (Cable and Harris, 2002). The first daughter is probably 
an asexual clone of her mother, whereas subsequent daughters may be either 
sexually or parthenogenetically-derived (Cable and Harris, 2002). Newborn 
parasites attach to the fish, adjacent to their mother (Scott, 1982). Although 
dispersal occurs mainly during direct contact between fish, detached 
gyrodactylids can survive off the fish for several hours and are able to re-infect 
new hosts (Bakke et al., 1992; Cable et al., 2002a). Gyrodactylids ingest both 
epidermal cells and mucus (Buchmann and Lindenstrom, 2002), but 
monogeneans may supplement their diet with organic nutrients of low molecular 
weight that are absorbed directly from the water across the tegument (Smyth and 
Halton, 1983). Embryos within the uterus probably obtain nutrients across the 
uterine wall which is situated close to the parental gastrodermis (Cable et al., 
2002b). 
As in other aquatic ectoparasites, environ mental pollutants influence 
Gyrodactylus survival, reproduction and population dynamics in a concentration-
dependent manner that is specifie to the pollutant. For example, the prevalence 
and intensity of gyrodactylids increased in response to polyaromatic 
hydrocarbons (PAHs) (Khan and Kiceniuk, 1988). In contrast, aqueous aluminum 
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(50 - 200 IJg/L) and zinc (50 - 400 1J9/L) impaired G. salaris population growth 
(Soleng et al., 1999; Poléo et al., 2004), whereas neither copper (10 - 80 1J9/L), 
iron (25 - 200 1J9/L), nor manganese (100 - 800 IJg/L) affected these parasites 
(Poléo et al., 2004). Recently, we reported a concentration-dependent increase in 
mortality of guppies in response to the combined effects of aqueous zinc (Zn) and 
infection by Gyrodactylus tumbulli (Gheorghiu et al., 2006). We further reported 
that among those fish that survived these combined stresses, peak parasite 
burden increased with increasing Zn concentration up to 120 IJg/L, then declined. 
However, it was unclear whether parasites directly benefited from increased Zn 
concentration or whether elevated Zn impaired the host response, thus indirectly 
promoting parasite survival. 
The present study was designed to determine whether waterborne Zn has 
direct effects on the survival, reproduction or morphometrics of G. tumbulli, a 
parasite on the skin and fins of the guppy, Poecilia reticulata (Peters). This 
experimental model is useful because guppies are easy to maintain and breed 
under laboratory conditions, and the parasite has a short generation time (days) 
and can be monitored without destructive sampling of the host. In the first 
experiment, we monitored lifetime survival and reproduction of individual 
parasites on isolated guppies (Experiment 1) where host response against the 
parasite was minimized by using fish with only 1 or 2 individual parasites. In 
Experiment 2, we examined the impact of waterborne Zn on the survival and 
reproduction of parasites that were detached from their fish host. Finally, in 
Experiment 3, we followed the temporal dynamics of parasite morphometrics in 
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small mini-epidemic tanks where parasite transmission among the fish ensured 
the persistence of the parasite (Scott and Anderson, 1984). 
4.3 Materials and methods 
4.3.1 General methods 
Experimental fish (standard body length 0.8-1.5 cm) were laboratory bred 
from a strain of feeder guppies obtained from a pet store in Montreal's West 
Island, and were naïve to gyrodactylids. Ali fish were kept at 25°C, in a 16 h 
Iight:8 h dark cycle, and were fed a Nutrafin Max Complete Flake diet once a day. 
Gyrodactylus turnbulli obtained from infected guppies purchased from the same 
local pet supplier was identified according to Harris et al. (1999). The strain was 
maintained in the laboratory by weekly addition of naïve fish into tanks with the 
infected guppies. A Nikon dissecting microscope equipped with a fiber optic light 
source was used for experimental infection and subsequent monitoring of fish 
anaesthetized for a maximum of 5 min in 50 ml of 0.02% tricaine 
methanesulfonate (Finquel MS222, Argent Chemical Laboratories, Washington) 
buffered to a neutral pH with NaHC02. Ali procedures were approved by a McGill 
University Animal Care Committee, in accordance with the Canadian Council on 
Animal Care Guidelines (2005). 
Experimental zinc solutions were prepared as described by Gheorghiu et 
al. (2006). In brief, Zn was added to a rtifi ci a 1 freshwater to give concentrations of 
0, 15, 30 (the maximal admissible limit for aquatic life according to Canadian 
Council of Ministers of the Environment, 2005), 60, 120 or 240 IJg/L above the 
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baseline concentration of 8 1-19/L. Solutions were changed every two days to 
ensure that zinc concentration in the water remained relatively constant. 
4.3.2. Experiment 1: Lifetime survival and reproduction of individual 
parasites 
ln arder to evaluate the concentration-dependent effects of Zn on parasite 
survival and reproduction, we followed individual F2 parasites from embryonic 
exposure to zinc, through their lifespan to death. Isolated guppies were kept in a 
transparent, covered plastic container in 200 ml of 0, 15,30,60 or 120 I-Ig Zn/L 
(assigned at random). Each fish was initially infected with a single gravid 
specimen of G. tumbulli, and then monitored every morning. If visual inspection 
suggested that the parasite was likely to give birth within a few hours, the fish 
was re-examined again later the same day. Immediately after the initial parasite 
had given birth (F1.generation), the mother was removed and killed with fine 
forceps. Similarly, immediately after her daughter had given birth (F2 generation), 
the F1 daughter was killed. We defined day 0 as the day of birth of the F2 
daughter, and this worm was monitored until its death. Each time the F2 daughter 
gave birth, its daughter was killed. We recorded the total number of daughters, 
the age of the F2 daughter at each birth and the lifespan of the F2 daughter (n = 
13,14,19,13,16, respectively, for each concentration of Zn). Generation time 
was estimated as the age of the F2 daughter at the time of birth of her average 
daughter. 
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4.3.3 Experimenf 2: Survival and reproduction of detached parasites 
As detached parasites are able to re-infect fish, it was important to 
consider the influence of Zn concentration on parasites isolated from their host. 
This also enabled us to assess direct eftects of Zn on the parasite, independent 
of host effects. For this experiment, we removed individual parasites from 
recently killed fish from the parasite culture, being careful to avoid contact 
between the parasite and any host body fluids. The parasites were individually 
transferred in 20 ~L of artificial freshwater to the bottom of a 96 weil microtitre 
plate (Costar Clear Polystyrene 96-Well Plates, Fisher Scientific, Montreal, 
Canada) containing 80 ~L of artificial freshwater. To each weil, 100 ~I of Zn 
solution was added to give a final concentration of 0, 15, 30, 60, 120, or 240 ~g 
Zn/L above baseline Zn concentration. Each parasite was examined one hour 
after transfer, and any that showed signs of damage or that were dead were 
discarded and excluded from the data set. Parasites were then examined every 2 
h, and the timing and number of births as weil as the time of death of both the 
initial parasite and any daughters were recorded. Non-motile parasites that did 
not respond to a gentle water current created by moving a needle were 
considered dead; if they responded to the water current they were classified as 
moribund. The lifespan of each parasite was recorded as weil the percent of 
lifespan in a moribund state. This experiment was replicated five times to give a 
total of 48-56 parasites 1 concentration. 
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4.3.4. Experiment 3: Temporal dynamics of morphometrics in parasite 
populations 
Given the critical role of Zn in cell division, growth and development 
(Eisler, 1993), we examined the potential effect of Zn on the size of parasites 
exposed for 5, 10 and 15 days to various concentrations of waterborne Zn. This 
experiment focused on soft body parts because we anticipated more rapid effects 
of Zn on these tissues rather than hooks and hamuli. Moreover our primary 
interest concerned parasite reproduction and survival rather than attachment and 
movement. A set of mini-epidemics was established by placing one infected 
guppy together with three uninfected guppies in 1 liter plastic tanks containing 
one of six waterborne Zn solutions (0,15,30,60,120 or 240 I-lg/L). When an 
infected fish died, it was replaced with an uninfected one to ensure maintenance 
of the parasite population for 15 days. On days 5, 10 and 15 post-infection (pi) at 
least one infected fish in each Zn concentration was killed in 50 ml of 0.03% 
MS222. Between 20 and 33 parasites / concentration were removed from the 
fish and transferred with 2 ml of MS222 into a weil of a 6-well tissue culture plate. 
Aqueous neutral red vital stain (4 ml of 0.005% solution) was added to each weil 
and the plate was kept at 4°C for 4-5 h to stop their movements and improve the 
reliability of measurements. Each parasite was then placed on a microscope 
slide under coyer slip pressure. Total body length, body width at the widest part 
of the uterus, pharynx diameter, and opisthaptor length and width were measured 
using a Nikon compound microscope at x125 magnification. Body area was 
estimated as the product of body length and body width. For each Zn 
concentration and for each time point, measurements were made on parasites 
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fram three replicate mini-epidemics. Moreover, to determine whether the addition 
of Zn in artificial freshwater induced any osmotic effect on parasite 
morphometrics, infected fish were kept individually in 200 ml of 0, 30, 120 or 240 
tJg Zn/L for 24 h before worms were measured as described above (n = 35 
parasites 1 concentration). 
4.3.5. Statistical analysis 
The effect of Zn concentration on individuallifespan, number of births, the 
intervals between births, generation time and parasite morphology was assessed 
using l, Kruskal-Wallis non-parametric ANOVA, one- and two-way ANOVAs with 
Tukey's post-hoc test, depending on the parameter. Average lifespans were 
estimated by Probit analysis. Linear regression analysis was used to examine the 
relation between lifespan and number of offspring, and between zinc 
concentration and lifespan. The mean and SE as weil as the binomial 95% 
confidence limits for percentages are reported (Rohlf and Sokal, 1981). Analyses 
were performed using SAS Version 9.1 software. The level of significance was 
established at p<0.05; statistics are reported only for significant effects. 
4.4 Results 
4.4.1. Experiment 1: Lifetime survival and reproduction of individual 
parasites 
On average, the F2 daughters maintained in 0 tJg Zn/L survived for 7.9 d 
and had 3.2 daughters, with a generation time of 3.6 d (Table 1). Poorer survival 
and reproduction occurred in parasites kept in 30 tJg Zn/L; they survived only for 
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5.8 d and had 2.5 daughters, with an average generation time of 2.7 d. Between 
these two extremes of Iife history traits, parasites kept in 15 or 120 I-Ig Zn/L had 
intermediate values of average lifespan, number of births and generation time. To 
explore this further, we classified parasite lifespan as short (1-4 d), medium (5-8 
d) or long (9-12 d). Comparison across Zn concentrations confirmed that 
parasites survived longer in 0 I-Ig Zn/L than in 30 or 120 I-Ig Zn/L (Table 4.1), a 
difference driven by the very low percentage of parasites that survived for more 
than 9 d at the higher concentrations (X2a=16.72, p<0.05). Surprisingly, survival 
and reproduction of F2 parasites kept in 60 I-Ig Zn/L were similar to parasites kept 
in 0 I-Ig Zn/L (Table 4.1). 
As with lifespan, the total number of births was lower at 30 and 120 I-Ig 
Zn/L than at 0 I-Ig Zn/L. At 30 and 120 I-Ig Zn/L, low fecundity (0-2 daughters) was 
more common than higher fecundity (3-5 daughters) whereas the two categories 
were equally common in parasites maintained at 0 I-Ig Zn/L (Table 4.1). The 
number of offspring increased linearly with lifespan (p<0.0001), such that longer 
lived parasites had more offspring and this was observed at each Zn 
concentration. Although generation time appeared to be lower for parasites kept 
at 30 I-Ig Zn/L, neither the average generation time, nor the average age of the F2 
daughter at birth of her first daughter nor the average inter-birth interval for 
subsequent births differed significantly among Zn concentrations (Table 4.1). 
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Table 4.1 Lifetime survival and reproduction of individual Gyrodactylus tumbul/i on the fish in response to waterborne zinc (Zn). 
I-Ig Zn/L 
0 15 30 60 120 
Average Lifespan (days) ± SE 7.9 ± 0.9 6.9 ± 0.8 5.8 ± 0.6 7.6 ± 0.8 6.9 ± 0.6 
% with Lifespan Exceeding 8 Days 62 43 10* 46 12* 
Average Number of Births ± SE 3.2 ± 0.4 3.1 ± 0.4 2.5± 0.3 3.2 ± 0.4 2.9 ± 0.3 
% with 3 or More Births 62 50 21* 54 19* 
Average Generation Time (days) ± SE 3.6 ± 0.4 3.2 ± 0.4 2.7 ± 0.3 3.2 ± 0.4 3.0 ± 0.3 
Average Age at Birth of First Daughter (days) ± SE 1.1 ± 0.1 1.1 ± 0.1 1.1 ± 0.04 1.1 ± 0.1 1.0 ± 0.04 
Average Inter-Birth Interval (days) ± SE 3.4 ± 0.2 3.3 ± 0.2 3.8 ± 0.2 3.2 ± 0.3 3.8 ± 0.2 
----- -------------- --- - ---------------- -----
* Significantly different from 0 I-Ig Zn/L (p < 0.025 
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Together, these data demonstrate that parasite survival responded in a 
non-linear manner to increasing concentrations of Zn, with lowest values at 30 
and 120 I-Ig Zn/L and highest values at 0 I-Ig Zn/L. Although parasite reproduction 
showed a similar pattern, the shorter lifespan of these parasites may explain the 
reduced reproduction. 
4.4.2. Experiment 2: Survival and reproduction of detached parasites 
Parasites that had been removed from the host had an estimated average 
lifespan (LT50) of 19.4 h in 0 I-Ig Zn/L. Lifespan decreased linearly (F1,4=20.88, 
p=0.0103) with increasing concentrations of Zn to 17.3 h for parasites kept in 240 
I-Ig Zn/L (Fig. 4.1). Parasites not exposed to Zn were moribund for only 14.7% of 
their life off the fish whereas among parasites exposed to Zn, the percent of 
lifespan in a moribund state was similar among ail concentrations (19.7%) and 
significantly higher for 120 I-Ig Zn IL than for 0 I-Ig Zn/L (F5, 305 = 2.51, P = 0.0301). 
Approximately 12% of detached parasites gave birth or aborted their embryos, 
but given the low sample size, we were unable to draw conclusions about the 
impact of Zn on reproduction of detached parasites. 
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Fig. 4.1 Estimated average lifespanof detached Gyrodactylus tumbulli exposed 
to different waterborne zinc (Zn) concentrations. Solid line indicates best fit 
linear regression model (y = -0.0091x + 19.375). 
4.4.3. Experimenf 3: Temporal dynamics of morphometrics in parasite 
populations 
For parasites kept at 0 fJg Zn/L, none of the morphological measurements 
differed over time, whereas ail morphological parameters were significantly 
affected by waterborne Zn, by duration of Zn exposure and by the interaction 
between the two factors (Table 4.2). In order to confirm that the effect of Zn was 
not due to acute osmotic stress on the parasite, we compared the size of 
parasites after 24 h exposure to 0, 30, 120 and 240 fJg Zn/L (Fig. 4.2) and found 
no significant effect of Zn concentration on any of the morphometric parameters. 
After 5 d exposure, body area was markedly lower at ail concentrations 
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compared with 0 IJg Zn/L and effects were largely dose-dependent (Fig. 4.2). 
With prolonged exposure to Zn, the effect of Zn was more pronounced, with a 
concentration-dependent decrease detected both at 10 and 15 d exposure. 
Similar patterns were seen for ail morphometric indicators (Table 4.2). 
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Fig. 4.2 Temporal dynamics of Gyrodactylus tumbulli morphometrics in response 
to different waterborne zinc (Zn) concentrations. + - 0 IJg Zn/L; - - 15 IJg 
Zn/L; L1 - 30 IJg Zn/L; 0 - 60 I-Ig Zn/L; Â - 120 I-Ig Zn/L; 0 - 240 I-Ig Zn/L. 
4.5 Discussion 
For gyrodactylids, as for ail living organisms, Zn is presumably an 
essential structural, catalytic and regulatory micronutrient for many enzymes and 
critical for protein synthesis, cell proliferation, growth, development and 
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reproduction (Vallee and Falchuk, 1993; Hogstrand and Wood, 1996). On the 
other hand, high concentrations of Zn are likely to be toxic, as Zn is known to 
impair ion regulation (McGeer et al., 2000) and cellular energy production 
(Dineley et al., 2003), to cause apoptosis, and to be mutagenic and teratogenic 
(Eisler, 1993). The potential interactions between gyrodactylids and Zn are 
further complicated by the effects of Zn on the host. Fish regulate uptake of Zn 
across epithelial tissues by release of mucous that traps Zn, preventing its entry 
into tissues (Handy et al., 1989; Shephard, 1994). Fish also release mucous as a 
defense mechanism against pathogens, including gyrodactylids (Lester and 
Adams, 1974; Buchmann and Lindenstrom, 2002). Thus, the mucous release 
induced by Zn may indirectly affect the parasite. 
We previously reported that parasite population growth improved when 
Gyrodactylus turnbulli was maintained at Zn concentrations as high as 120 IJg 
Zn/L and had speculated that parasite survival and/or reproduction might be 
directly enhanced as Zn concentration increased (Gheorghiu et al., 2006). If true, 
our present study should have revealed prolonged parasite lifespan both on and 
off the host and/or increased rates of reproduction as Zn concentration increased 
up to 120 IJg/L. However, this was not the case. In fa ct , both parasite survival and 
total number of offspring were significantly lower at 120 IJg Zn/L than at 0 IJg 
Zn/L. In addition, survival of detached parasites declined with increasing Zn 
concentrations, as did parasite size. Thus, it is clear that 120 IJg/L Zn is toxic to 
this parasite. This is consistent with the reduced population growth of 
Gyrodactylus salaris on Atlantic salmon exposed to 50 to 200 IJg AIIL or 50 to 400 
IJg Zn/L (Poléo et al., 2004) 
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Table 4.2 Temporal dynamics of morphometrics of Gyrodactylus turnbulli populations in response to waterborne zinc (Zn)" 
Time Effects Zn Effects 
(Pooled across Zn Concentrations) (Pooled across Time) 
d1 d5 d10 d15 ZnO Zn15 Zn30 Zn60 Zn120 Zn240 
Body Length 3878 ± 5 359b ± 4 341 c ± 3 332c ± 3 378A ± 4 354B ± 5 338c ± 4 348BC ± 5 340c ± 4 312° ± 4 (IJm) 
BodyWidth 75.08 ± 0.9 66.1 b ± 0.6 63.8c ± 0.6 65.8b ± 0.6 72.2
A 67.2B 65.5BC 62.60 63.5cO 62.3° 
(IJm) ± 0.6 ± 0.8 ± 0.8 ± 0.8 ± 0.9 ± 0.8 
Total Body 
24.1 b ± 0.4 27.6
A 24.3B 22.5c 22.2c 21.8c 19.8° Area (mm2 x 29.1 8 ± 0.5 22.2c ± 0.4 22.2c ± 0.4 
10.3) ±0.4 ± 0.5 ± 0.5 ± 0.5 ± 0.5 ± 0.5 
Pharynx 
31.7b ± 0.3 31.5b ± 0.3 35.5
A 33.4B 32.4CD 33.1 BC 31.8° 29.6E diameter 35.1 8 ± DA 35.1 8 ± 0.3 
(IJm) ± 0.3 ±0.4 ±0.4 ±0.4 ±O.4 ±0.4 
Opisthaptor 68.2a ± 0.8 63.2b ± 0.6 62.2bC ± 0.5 61Ac ± 0.5 67.7
A 61.8BC 61ABC 61.9B 61.9B 60.1 c 
Length (IJm) ± 0.6 ± 0.8 ± 0.6 ± 0.7 ± 0.6 ± 0.6 
Opisthaptor 90.98 ± 84.4b ± 0.6 82.4c ± 0.6 80.6c ± 0.5 88.9
A 85.6B 81.6c 79.8cO 81.5c 79.0D 
Width (IJm) 0.9 ± 0.6 ± 0.9 ± 0.7 ± 0.7 ± 0.8 ± 0.8 
Mean ± SE; lower case superscripts indicate significant differences over time; uppercase superscripts indicate significant differences among Zn 
concentrations. In ail cases, the main effects of Time, Zinc and the Time*Zn interaction were highly significant (P<0.0001). 
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Our most direct measure of the specific effect of Zn on the parasite was the 
reduced survival of detached parasites that were exposed to Zn but not to host 
responses. This observation is consistent with reduced lifespan of digenean 
miracidia and cercariae exposed to Zn, in concentrations in the order of 100 JJg/L 
(Asch and Dresden, 1977; Evans, 1982a, b: Morley et al., 2001a, b, 2002). 
Although the decrease in average lifespan between 0 and 240 JJg Zn/L was only 
about 2 h, we suspect that the ability to re-attach to a fish may have been more 
dramatically affected than survival as suggested by Olstad et al. (2006). Toxicity 
of Zn to detached parasites may be associated not only with increased apoptosis 
and impaired ion regulation, but also with energy balance. Detached 
gyrodactylids continue to give birth (personal observations) and need to maintain 
energy stores not only for reproduction but also for re-attachment to fish that may 
swim by. Furthermore, gyrodactylids, like digenean larvae, may sequester 
excessive metals in secretory structures associated with the tegumental surface 
as a means to detoxify Zn (Morley et al., 2003) and this is likely an energy-
demanding process. However, detached gyrodactylids no longer feed and even 
if they re-absorb nutrients from their in utero embryos (Cable and Tinsley, 1991; 
Cable and Harris, 2002), energy stores will decline more rapidly at higher Zn 
concentrations. In addition, Zn impairs cellular energy production in other 
organisms (Dineley et al., 2005). Together the reduced energy stores and 
reduced energy production may contribute to the toxic effect on parasite survival. 
Not only was Zn toxic to detached parasites, but also it was toxic to parasites 
living on the fish. Parasite survival was reduced at Zn concentrations as low as 
30 JJg Zn/L, but interestingly parasites were more tolerant to 60 JJg Zn/L than to 
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30 IJg Zn/L. At 120 IJg Zn/L, parasite survival was impaired to a similar extent as 
in parasites maintained at 30 IJg Zn/L. While the reduced lifespan at 30 and 120 
IJg Zn/L could be explained by direct toxicity to the parasite, the better survival at 
60 IJg Zn/L was unexpected according to classic models of dose-dependence of 
toxicants (Calabrese and Baldwin, 2003). Rather, it is suggestive of a non-linear 
hormetic response (Calabrese and Baldwin, 2003) where the net effect of 
interacting factors results in a more complex pattern. In this system, the non-. 
linear dose-response may result from the efforts of the fish to exclude entry of Zn 
into its tissues, combined with the direct toxic effects of Zn on the parasite. When 
exposed to waterborne toxicants, including Zn, fish immediately release mucous 
over epithelial surfaces to trap Zn and prevent its entry into the body (Handy et 
al., 1989; Shephard, 1994; Hogstrand and Wood, 1996; Khunyakari, et al., 2001), 
but are unable to sustain mucous release over prolonged periods of time (Eddy 
and Fraser, 1982), especially at higher concentrations. Thus, as Zn 
concentrations increases from 0 to 15 to 30 IJg Zn/L, the release of higher 
amounts of mucous protects the host, but also removes parasites ttapped in 
sloughed off sheets of mucus (Lester and Adams, 1974). When Zn 
concentrations exceed 30 IJg Zn/L, the initial high rate of mucous production may 
not be sustainable (Eddy and Fraser, 1982), in which case the probability of 
parasites being trapped in mucous is reduced. This would account for the 
increased survival between 30 and 60 IJg Zn/L. Concurrently, however, Zn exerts 
direct toxic effects on the parasite, which would be expected to increase as Zn 
concentration increases, thus explaining the reduced lifespan of the parasite 
between 60 and 120 IJg Zn/L. 
105 
The concentration response of parasite reproduction to Zn was very similar to 
that of parasite lifespan, thus we attribute this result to the shortened lifespan of 
the parasite rather than to any direct toxic effect of Zn on parasite reproduction. It 
is not surprising that short-lived parasites have fewer offspring, but it is intriguing 
that Zn appears not to affect reproduction of gyrodactylids, given that the 
reproductive system is very sensitive to Zn in other organisms (Eisler, 1993). 
Perhaps the unique reproductive biology of gyrodactylids, involving a 
combination of asexual, parthenogenetic and sexual production of multiple 
generations within the same individuals and hyperviviparity (Cable and Harris, 
2002), protects embryos from Zn toxicity. However, our study was not designed 
to detect potentiallong term mutagenic or teratogenic effects of Zn. 
When we examined the impact of Zn on parasite size, we found that the longer 
the period of exposure to Zn and the higher the concentration, the smaller the 
parasites were. This was observed in the mini-epidemics maintained at 
concentrations as low as 15 I-Ig Zn/L for at least 5 days. More prolonged 
exposure to Zn results in smaller parasites that, in turn, give birth to even smaller 
offspring indicating a cumulative toxic effect. In interpreting data from this 
experiment, it is important to note the mixed age structure of the parasite 
populations in the mini-epidemics. Although we cannot exclude the possibility 
that the observed effects of Zn on morphometrics reflect a changing age-
structure of the parasite population, Gyrodactylus spp. are not generally 
considered to "grow" in a traditional sense; rather, they are reported as full-size 
at birth but this has never been tested experimentally. Therefore, the Zn 
dependent effect on parasite size presumably reflects embryonic development of 
106 
the parasites; hence age-structure of the parasite population should not affect the 
average size of the parasite. 
Taken together, the present results do not explain the parasite population 
dynamics observed in our first study (Gheorghiu et al., 2006). We had reported 
improved parasite population growth at Zn concentrations up to 120 J,Jg/L 
(Gheorghiu et al., 2006) whereas our present results indicate reduced parasite 
survival and reduced reproduction over this range of Zn concentrations. 
Therefore, we reject the suggestion that waterborne Zn improves parasite growth 
and reproduction, and hypothesize that the host response against the parasite 
may be impaired as Zn concentration increases, especially after one week pre-
exposure, thus providing a microenvironment permissive for parasite population 
growth. This hypothesis is currently under investigation. In conclusion, our data 
shows that elevated concentrations of Zn are toxic to G. tumbulli. 
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CONNECTING STATEMENT BETWEEN CHAPTER 4 AND CHAPTER 5 
One major result of our first study on Gyrodactylus tumbulli on isolated 
guppies exposed to waterborne Zn (0 to 240 IJg/L) was that parasite population 
growth was improved at Zn concentrations up to 120 IJg/L (Gheorghiu et al., 
2006). These results suggested that concentrations up to 120 IJg Zn /L are 
beneficial for the survival and/or reproduction of the parasite. However, this 
hypothesis was not supported by our follow-up study in which we recorded direct 
toxicity of Zn on both parasite survival and morphometrics at concentrations of 30 
and 120 IJg Zn/L (Gheorghiu et al., in press). Our alternative hypothesis was that 
waterborne Zn impairs the local host defense mechanisms against the 
gyrodactylid infection. 
The next manuscript describes a set of experiments designed to 
investigate temporal histological changes in fish epidermis induced by: (1) a 
range of sublethal concentrations of waterborne Zn exposure alone; (2) the 
gyrodactylid infection alone; (3) combined waterborne Zn exposure and infection 
with Gyrodactylus. 
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CHAPTER5 
TEMPORAL DYNAMICS OF EPIDERMAL RESPONSES OF 
GUPPIES (POECILIA RETICULATA) TO TWO EXTERNAL 
STRESSORS: WATERBORNE ZINC AND GYRODACTYLUS 
TURNBULLI (MONOGENEA) INFECTIONi 
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5.1 Abstract 
This study assessed the histological changes in the epidermis of guppies 
induced by waterborne zinc (Zn) and an ectoparasite (Gyrodacty/us turnbu/II). 
Infected and uninfected guppies were exposed to 0, 15,30,60 or 120 JJg Zn/L 
and monitored over three to four weeks. Our results demonstrate that the fish 
epidermis responded immediately to G. turnbulli infection with a rapid increase in 
epidermal thickness and an increase then decline in mucous ce" numbers, after 
which the the epidermis remained thick and mucous numbers remained low. 
Waterborne Zn induced rapid release of mucous and a decrease in mucous cell 
numbers; thereafter mucous release fluctuated at a rate that varied with Zn 
concentration. Epidermal thickness began to fluctuate only after 6 days Zn 
exposure. The mucin composition also responded rapidly to Zn, shifting from a 
mixture of acidic and neutral mucins at 0 JJg/L to acidic at ail concentrations 
except 30 JJg/L but was unaffected by G. turnbulli alone. When Zn and infection 
were combined, Zn exposure dominated the initial response as shown by 
immediate decrease in mucous ce" numbers, whereas the infection dominated 
the subsequent changes as evidenced by thickening of the epidermis and 
maintenance of normal mucin composition. 
Keywords: Waterborne zinc; Guppy; Gyrodactylids; Epidermal histology; Mucous 
cells; Mucins. 
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5.2 Introduction 
Gyrodacfylus spp. are important monogenean ectopathogens in 
aquaculture, fisheries and hobbyists markets, affecting many families of marine 
and freshwater teleost fish and causing mortality both directly and indirectly 
through secondary bacterial or fungal infections (Kearn, 1998; Cone, 1999). 
These small epidermal browsers cause mechanical disruption of the epithelium 
while feeding and moving over the skin and fins (Kearn, 1998; Cone, 1999). They 
are viviparous and transmission occurs by direct fish-to-fish contact (Cable, 
Harris & Tinsley, 1996; Bakke, Hansen & Jansen, 1992). Shortly after arrivai of a 
gyrodacytlid on the fish, the parasite gives birth (the lag phase of the infection). 
As reproduction continues, the parasite population increases exponentially 
(exponential growth phase). On some fish, the parasite numbers continue to 
increase until the damage induced by infection killsthe fish. On others, the 
parasite elicits a host response (Buchmann and Bresciani, 1998, 1999; 
Buchmann, 1999; Harris, Soleng & Bakke, 1998; Buchman and Lindenstr0m, 
2002) which impairs parasite survival and reproduction. Parasite numbers 
decline (recovery period) and the fish is able to cure the infection. The death or 
recovery of the infected fish, as weil as the duration of each phase of infection, 
are highly variable depending on the intensity of the host response to parasite 
assault (Scott and Robinson, 1984; Scott, 1985; Richards and Chubb, 1996, 
1998) and environ mental factors such as water temperature (Scott and Nokes, 
1984) and pollutants (Khan and Kiceniuk, 1988; Soleng, Poléo, Aistand, & Bakke, 
1999; Poléo, Schjolden, Hansen, Bakke, Mo, Rosseland & Lydersen,2004; 
Gheorghiu, Marcogliese & Scott, 2006). 
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Among the few studies on the impact of heavy metals on Gyroactylus, the 
results have varied depending on the host and parasite species. Soleng et al. 
(1999) and Poléo et al. (2004) recorded a negative impact on G. salaris 
populations on Atlantic salmon exposed to either waterborne aluminium (50 to 
200 fJg AIIL) or zinc (50 - 400 IJg Zn/L), whereas the host appeared to be 
unaffected. Our previous study (Gheorghiu et al., 2006) on G. tumbulli on 
isolated guppies exposed to waterborne Zn (0 to 240 fJg/L) showed improved 
parasite population growth at Zn concentrations up to 120 IJg/L. These results 
suggested that elevated Zn directly benefited survival and/or reproduction of the 
parasite, but this was not supported by our follow-up study in which we recorded 
direct toxicity of Zn on both parasite survival and morphometrics at 
concentrations of 30 and 120 IJg Zn/L (Gheorghiu, Cable, Marcogliese & Scott, 
2007). An alternative explanation for the more rapid parasite population growth 
with increasing Zn concentrations is that waterborne Zn impairs the local host 
defense mechanisms against the gyrodactylid infection. Fish respond to 
Gyrodactylus with increased mucus secretion (Lester and Adams, 1974; Scott 
and Anderson, 1984) and thickening of the epithelium through an increase in the 
number of ceillayers (Appleby, Mo & Aase, 1997) and hyperplasia of epithelial 
cells (Wells and Cone, 1990). As infection progresses, mucous cell density may 
decrease (Wells and Cone, 1990; Sterud, Harris & Bakke, 1998) or increase 
(Barker, Cone & Burt, 2002). In addition, fish respond to Zn with increased 
mucous release containing acidic mucins that bind and precipitate Zn, thus 
regulating its absorption by preventing it from reaching the uptake surfaces 
(Handy, Eddy & Romain, 1989; Shephard, 1994). 
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Although in vitro studies indicate that the key host anti-gyrodactylid factor 
thought to be responsible for clearing the infection is the complement system 
(Buchman and Bresciani, 1998, and Harris et a/. , 1998) in vivo survival and 
reproduction of Gyrodactylus depend on the proper function of the epidermal 
cells that influence the amount and composition of mucous and the content of 
both parasite chemoatractants and host anti-parasitic factors (Buchman, 1999; 
Buchman and Lindenstr0m, 2002). The fish epidermis consists of epithelial and 
secretory cells, and is covered by a layer containing mucus secreted by mucous 
(goblet) cells as weil as the sloughed superficiallayer of epidermal cells (Whitear, 
1986). Both epithelial and secretory cells differentiate from a multipotent 
progenitor cell, and as new cells appear, the previously differentiated ones are 
gradually pushed towards the outer layer of the epidermis. The precursor mucous 
cell contains granules of neutral mucins eXclUsively (Sinha and Chakravorty, 
1982). Under normal conditions, sorne of the neutral mucopolysaccharide 
granules then switch into acidic mucopolysaccharide granules and new acid 
mucopolysaccharides are synthesized within the cell. In mature mucous cells, 
these acidic and neutral polysaccharide granules fuse forming a complex mixture 
of both acidic and neutral mucins (Sinha and Chakravorty, 1982). There are 
spatial and temporal differences in epithelium thickness, in the density of mucous 
cells on the surface of a fish, and in the production and composition of mucus, 
depending on the species, age, state of health, nutritional status, and quality of 
the environment (Roberts and Bullock, 1980). Hence, the epidermis is a 
metabolically active tissue that quickly forms stable physical and/or chemical 
barriers against invading microorganisms and/or soluble contaminants (Iger, 
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Jenner & Wendelaar Bonga, 1994; Buchman and lindenstnz.lm, 2002). Thus, we 
hypothesize that the dynamics of G. tumbulli on fish simultaneously exposed to 
waterborne Zn may be related to epidermal responses through the mucous 
production. 
ln the present study, we recorded the temporal histological changes in fish 
epidermis induced by: (1) a range of sublethal concentrations of waterborne Zn 
exposure alone; (2) the gyrodactylid infection alone; (3) combined waterborne Zn 
exposure and infection with Gyrodactylus using guppies and the host-specifie G. 
tumbulli as our lab model. Guppies (Poecilia reticulata) are useful test animais in 
aquatic experiments because they are easyto maintain and breed under 
laboratory conditions and they are able to survive at very high concentrations of 
Zn (Widianarko, van Gestel, Verweij, & van Straalen, 2000; Widianarko, Kuntoro, 
van Gestel, Verweij & van Straalen, 2001). Aiso G. tumbulli burdens can be 
repeatedly monitored over time on individual hosts, as the parasite lives on the 
skin and fins. 
5.3 Material and methods 
5.3. 1 General methods 
The experiments were done on guppy fry of 0.5-1.0 cm standard body 
length, bred in our laboratory from a strain of feeder guppies purchased from a 
local pet store, and naïve to Gyrodactylus. The experimental fry were maintained 
in individual rectangular plastic containers in 200 ml waterborne Zn solution at 
25°C with 16 h light:8 h dark cycle and were fed on a Nutrafin Max Complete 
Flake diet once a day. 
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Sublethal concentrations for experimental waterborne Zn solutions were 
selected relative to 30 ~g/L Zn, the maximal admissible limit for aquatic life 
according to Canadian Council of Ministers of the Environment (2005). They 
were prepared according to the method described by Gheorghiu et al. (2006) by 
adding 0 (as control), or 15,30" 60 or 120 ~g/L Zn to artificial freshwater that 
contained 8 ~g Zn IL, the concentration of waterborne Zn in the guppy breeding 
tanks. To maintain relatively constant Zn concentrations throughout the 
experiments, Zn solutions were replaced every two days (Gheorghiu et al., 2006). 
The strain of G. tumbulli was initially isolated from infected guppies from a 
local supplier, identified according to Harris, Cable, Tinsley & Lazarus (1999) and 
maintained by weekly addition of naïve fish into infected stock populations. The 
experimental fry were infected with 3 parasites transferred on a scale or piece of 
fin from an infected donor onto the caudal peduncle of a naïve recipient, as 
previously described (Scott, 1982; Gheorghiu et al., 2006), and then monitored 
daily using a Nikon stereomicroscope with cold light whi.le anaesthetized for a 
maximum of 5 min in 50 ml of 0.02% tricaine methanesulfonate (Finquel MS222, 
Argent Chemical Laboratories, Washington) buffered to a neutral pH with 
NaHC02 . 
Ali procedures were approved by a McGill University Animal Care 
Committee, in accordance with guidelines of the Canadian Council on Animal 
Care (2005). 
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5.3.2 Experiment 1: Dynamics of epidermal responses to Zn exposure 
Experimental fish were randomly assigned to one of the five waterborne 
Zn solutions. Mucous production was monitored on fish exposed to 15-120 IJg Zn 
/L (n=27 fry/concentration), sampled on days 0,3,6,9, 12, 15, 18,21 and 28 
post-exposure. At each time point, a different set of 3 fish / concentration was 
anaesthetized and mucous release was recorded under the stereomicroscope 
using a visual score from 1 (minimal) to 5 (maximal). The temporal changes 
induced by Zn alone were recorded on a separate set of fry exposed to 0-120 IJg 
Zn /L. Three fry / concentration / day were sampled at the same time points as 
above. The fry were killed in 0.03% MS22, fixed for 24 h in Bouin's solution, 
washed two times and then preserved in 70% ethanol. Paraffin cross-sections (5 
IJm) were cut and stained using either hematoxylin and eosin (HE) for overall 
structure, or combined periodic acid-Schiff with Alcian Blue 2% (PAB) to 
differentiate between neutral polysaccharides and acidic mucopolysaccharides 
contained in the mucous cell (Tibbetts, 1997). When stained with PAB, the large 
swollen mature mucous cells were (1) purple if they contained both neutral and 
acidic mucins, (2) blue if they contained acidic mucins, or (3) magenta if they 
contained neutral mucins (Bancroft and Stevens, 1982). The sections were 
examined with a Nikon compound microscope at 425x magnification. We 
recorded epidermal thickness, number of epidermal cell layers, and number of 
mature mucous cells, their size, location, and mucin composition from 4 lateral 
fields of view of 0.24 mm2 each, randomly chosen in each of three seriai sections 
of the caudal peduncle per fish. 
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5.3.3 Experiment 2: Dynamics of epidermal responses to gyrodactylid 
infection a/one or in combination with Zn exposure 
T 0 test the effect of infection alone, guppies were experimentally infected 
with 3 parasites and isolated in plastic containers with 200 ml artificial freshwater. 
The parasite population was then monitored daily on each fish. The epidermal 
response to infection was recorded in three experimental fish 1 concentration, at 
each of the following phases of the infection: pre-infection; the lag period (Iess 
than 6 parasites per fish); early exponential growth (approximately 20 parasites 
per fish); mid exponential growth (approximately 50 parasites per fish; and late 
exponential growth (approximately 100 parasites per fish). The fish were 
processed for histological analysis as described for Experiment 1. 
The combined effects of infection and Zn exposure were tested in guppies 
experimentally infected with three G. tumbulli each and then immediately placed 
in one of the five Zn solutions chosen at random. Parasites were counted daily 
and three fish 1 concentration 1 phase of infection were prepared for histological 
assessment at each of the phases of infection as described above. 
5.3.4 Statistica/ ana/ysis 
The temporal effect of waterborne Zn alone or together with Gyrodactylus 
infection on the guppy epidermis was assessed using X2 for categorical variables 
(mucus production scores, mucin composition, mucous ce Il location) and two-
way ANOVA using PROC GLM for parasite burdens. Continuous histological 
variables were analyzed by two-way ANOVA using PROC MIXED with a nested 
model that controlled for degrees of freedom, and post-hoc contrasts across time 
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1 phase of infection within each Zn concentration using LSMEANS with the SUCE 
option. Linear regression analysis was used to examine the relationship between 
epidermal thickness and number of ceillayers. The mean and SE are reported. 
Analyses were performed using SAS Version 9.1 software. The level of 
significance was established at p<0.05; statistics are reported only for significant 
effects. 
5.4 Results 
5.4.1 Experiment 1: Dynamics of epidermal responses to Zn exposure 
Ali histological parameters were significantly affected by waterborne Zn, 
by duration of Zn exposure and by the interaction between the two factors, 
whereas for uninfected fish kept in 0 IJg Zn/L, none of the histological parameters 
differed over time. The epidermis of guppy fry kept in 0 IJg Zn/L had 2-3 layers of 
epidermal cells, a thickness of 8.4 ± 0.23 IJm and 3.15 ± 0.4 mature mucous cells 
per 0.24 mm2 , most of which were located on the externallayer, and which 
contained a mixture of neutral and acidic mucins (Fig. 5.1A). 
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Fig. 5.1 Histological images of epidermis of guppies (PAB staining, 425x): (A) 
Epidermis of control fish, uninfected and unexposed ta Zn. ET - thickness of 
epidermis, EC - epithelial cells, MC (m) - mucous cells with a mixture of neutral 
and acidic mucins, S - scale. (B) Mucous cells contained only acidic mucins - MC 
(a) in fish exposed ta 15 I-Ig Zn/L. (C) Mucous cells contained only neutral 
mucins, MC (n), in fish exposed ta 30 I-Ig Zn/L. (0) Moderate thickening of the 
epidermis in fish infected with Gyrodactylus. (E) Extreme thickening of the 
epidermis in fish exposed ta 15 I-Ig Zn/L and infected with 100 Gyrodactylus. 
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5.4.1.1 Epidermal thickness and ce" layers 
Exposure to waterborne Zn did not influence epidermal thickness over the 
first 6 days regardless of Zn concentration. Low concentrations of Zn (15 and 30 
IJg Zn/L) then induced an increase in epidermal thickness (Fig. 5.28) followed by 
a decline (Fig. 5.28, C). In contrast, at higher concentrations (60 and 120 IJg 
Zn/L) , the epidermis became thinner on day 9 post exposure before increasing 
and then declining again (Fig. 5.20, E). Furthermore, in fish kept in higher 
concentrations than 30 IJg Zn/L, on day 28 post exposure, the thickness was 
decreased compared with the initial value. The number of epithelial ce" layers 
fo"owed similar patterns as the epidermal thickness (Appendix C). In addition, 
regression analysis revealed a positive relationship between epidermal thickness 
and the number of epidermal ce" layers (p<0.0001). These patterns demonstrate 
that Zn exposure induced fluctuations in the thickness of the epidermis and the 
number of ce" layers over time. The rate of fluctuation differed as concentration 
of Zn increased such that the initial peak of increase in thickness was delayed 
with increasing concentration of Zn and repeated fluctuations were only recorded 
at 15 IJg Zn/L. 
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Fig. 5.2 Temporal dynamics of epidermal thickness of guppies in response to Zn 
and/or Gyrodactylus. (A) 0 ~g Zn/L; (8) 15 ~g Zn/L; (C) 30 ~g/L; (0) 60 ~g Zn 
/L; (E) 120 ~g Zn/L; (F) Gyrodactylus; (G) Gyrodactylus and 15 ~g Zn/L; (H) 
Gyrodactylus and 30 ~g Zn/L; (1) Gyrodactylus and 60 ~g Zn/L; (J) Gyrodactylus 
and 120 ~g Zn/L. Main effects: Zn, p<0.0001; time, p<0.0001; Zn*time, 
p<0.0001. 
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5.4.1.2 Mucous response 
Compared to control fish exposed to 0 jJg Zn/L, Zn induced a rapid 25-
50% decline in the number of mucous cells within 3 days (Fig. 5.3B-E), 
regardless of Zn concentration. The numbers were gradually restored (except at 
120 jJg Zn/L) over the next 9-12 days but then declined again. Similarly mucous 
cell size declined and then gradually returned to normal (Appendix D). Cells in 
fish exposed to 15 jJg Zn/L subsequently became smaller (day 3 and 18) and 
returned to normal size around day 15 and 28, respectively. At concentrations 
higher than 30 jJg Zn/L, the cells remained half the size of cells in unexposed fish, 
even after 28 days (Appendix D). Ali mature mucous cells were located in the 
outer layer of the epidermis, regardless of Zn concentration or duration of 
exposure (Fig. 5.1 B, C). The only exception was for guppies exposed to 120 jJg 
Zn/L where on average, 19.1 % ± 2.4 of mucous cells were localized in the inner 
layers. 
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Fig. 5.3 Temporal dynamics of mucous cel! number in response to Zn and/or 
Gyrodactylus. (A) 0 ~g Zn/L; (8) 15 ~g Zn/L; (C) 30 ~g/L; (0) 60 ~g Zn /L; (E) 
120 ~g Zn/L; (F) Gyrodactylus; (G) Gyrodactylus and 15 ~g Zn/L; (H) 
Gyrodactylus and 30 ~g Zn/L; (1) Gyrodactylus and 60 ~g Zn/L; (J) Gyrodactylus 
and 120 ~g Zn/L. Main effects: Zn, p<0.0001, time, p<0.0001, Zn*time, p<0.0001. 
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ln control fish not exposed to Zn, mature mucous cells contained a mixture 
of acidic and neutral mucins (Fig. 5.1A; Fig. 5.4A). Exposure to 15 IJg Zn/L for 
only 3 days induced a loss of neutral mucins and a complete shift to acidic 
mucins that remained until day 28 (Fig. 5.18, Fig. 5.48). The same pattern was 
seen in fish exposed to 60 IJg Zn/L (Fig. 5.40). In contrast, at 30 IJg Zn/L, mucin 
càmposition shifted to neutral within 3 days (Fig. 5.1 E) and then returned to 
control mixed composition on day 15 (Fig. 5.4C), whereas fish exposed to 120 IJg 
Zn/L demonstrated a very graduai shift fram mixed mucins to acidic over a period 
of 18 days (Fig. 5.4E). 
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Fig. 5.4 Frequency distribution of mucous cell composition in response to Zn 
and/or Gyrodactylus. (A) 0 ~g Zn/L; (8) 15 ~g Zn/L; (C) 30 ~g/L; (D) 60 ~g Zn 
/L; (E) 120 ~g Zn/L; (F) Gyrodactylus; (G) Gyrodactylus and 15 ~g Zn/L; (H) 
Gyrodactylus and 30 ~g Zn/L; (1) Gyrodactylus and 60 ~g Zn/L; (J) Gyrodactylus 
and 120 ~g Zn/L.. p<0.0001. Striped bars - proportion of mucous cells with 
mixture of neutral and acidic mucins; solid bars - proportion of mucous cells with 
acidic mucins; clear bars - proportion of mucous cells containing neutral mucins. 
PR- pre-infection and pre-exposure to Zn; L - the lag period (Iess than 6 parasites 
per fish); EG -early exponential growth (approximately 20 parasites per fish); MG 
- mid exponential growth (approximately 50 parasites per fish); and LG -Iate 
exponential growth (approximately 100 parasites per fish). 
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Phases of Infection 
Among fish exposed to 15 - 120 J...Ig Zn/L, mucous production was 
significantlyaffected by Zn concentration, by duration of exposure and by the 
interaction between these two factors. Our semi-quantitative scores on mucous 
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production revealed that mucous production increased then declined repeatedly 
over the first 18 days of Zn exposure, and then remained low until day 28 (Fig. 
5.5A-0). The highest scores were recorded in fish kept in 15 and 30 j.Jg Zn/L (Fig. 
5.5A, B), which showed almost similar patterns. Intriguingly, mucous release was 
dampened at 60 j.Jg Zn/L, between days 6 and 12 (Fig. 5.5C). AIso, at 120 j.Jg 
Zn/L mucous discharge remained elevated for the first 9 days, then declined and 
increased again before remaining low between day 18 and day 28 (Fig. 5.50). 
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Fig. 5.5 Average mucous production scores in response to (A) 15 j.Jg Zn/L, (B) 30 
j.Jg Zn/L, (C)60 j.Jg Zn/L or (0) 120 j.Jg Zn/L. Scores range from 1 (Iow) to 5 
(high). Main effects: Zn, p<0.0001; time, p<0.0001; Zn*time, p=0.0002. 
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5.4.2 Experiment 2: Dynamics of epidermal responses to gyrodactylid 
infection a/one or in combination with Zn exposure. 
5.4.2.1 Epidermal thickness and ceillayers 
Infection alone induced thickening of the epidermis within 3 days which 
was then maintained at the same level throughout exponential growth of the 
parasite population (Fig. 5.1 D, 5.2F). This rapid response did not occur in 
infected fish concurrently exposed to Zn (Fig. 5.2G-J). Instead, the combined 
stress of infection and Zn induced a 50% increase in epidermal thickness only 
after 10 days (Fig. 5.2G-J) despite the fact that parasite numbers had only 
increased to 20. Epidermal thickness subsequently declined to baseline levels as 
exponential growth of the parasite population continued in fish exposed to 30 IJg 
Zn/L (Fig. 5.2H). At higher Zn concentrations, as the number of parasites 
continued to increase, the thickness declined and then increased again (Fig. 5.21-
J). In marked contrast, the epidermis continued to thicken in those fish exposed 
only to 15 IJg Zn/L, reaching twice the value of uninfected, unexposed fish (Fig. 
5.1 E, 5.2G). The number of ceillayers mirrored this pattern indicating hyperplasia 
of epithelial cells (Appendix C). 
5.4.2.2 Mucous response. 
As in uninfected fish, the majority of mature mucous cells were present on 
the external surface of the epidermis, although as infection progressed sorne 
mature cells were detected within the epidermis. The exception was for fish 
exposed to 15 IJg Zn/L, where the proportion of mucous cells localized in the 
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inner layers of the epidermis mirrored the change in parasite numbers, gradually 
increasing as the parasite population increased to 100, where 92% of the cells 
were located internally (Table 5.1). 
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Table 5.1 Percentage of mature mucous ceUs located on the external surface of the epidermis of guppies exposed 
concurrently to Gyrodacfylus furnbulli infection and waterborne Zn ± SE. 
Phases of Infection 
Zn concentration Early Mid Late Pre- Prolonged Mid Lag Exponential Exponential Exponential 
exposure Lag Recovery Growth Growth Growth 
o I-/g Zn/L 98 ± 1 97 ±2 63 ± 8 73 ± 7 78 ± 7 NA 91 ± 5 
15 I-/g Zn/L 98 ± 1 100 ± 0 85 ± 5 40 ± 7 8±4 NA 68 ±7 
30 I-/g Zn/L 98 ± 1 97± 3 97 ± 3 76 ± 11 86 ± 10 77 ± 6 67 ± 33 
60 I-/g Zn/L 98 ± 1 95 ± 3 64 ± 10 100 ± 0 80±20 93 ± 3 100 ± 0 
120 I-/g Zn/L 98 ± 1 100 ± 0 97 ±2 100 ± 0 83 ±6 99 ± 1 66 ± 9 
_. __ .. _---_._-_.~---_. __ ._._----
-
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Exposure of infected fish to Zn induced a rapid and dramatic drop in the 
number of mucous cells within only 3 days (Fig. 5.3G-J) whereas infection alone 
did not exert such an immediate effect (Fig. 5.3F). However, as with infection 
alone, mucous cell numbers remained depressed throughout the period of 
infection after day 3 (Fig. 5.3F-J). Notably, virtually no mucous cells were 
observed when parasite numbers reached 100 at 60 I-Ig Zn IL (Fig. 5.31, day 19). 
ln general, mucous cel! size decreased in infected fish exposed to Zn, a pattern 
similar to changes in total numbers of mucous cells. However, in fish maintained 
at 60 I-Ig Zn/L, cel! size gradually increased to normal during the exponential 
growth phase of infection (Appendix 0). 
Infection alone exerted a modest effect on the composition of mucins only 
during the mid-exponential growth phase when approximately 25% of cells 
contained only acidic mucins, 25% contained only neutral mucins (Fig. 5.4F). An 
earlier and more marked pattern in shift to more acidic (50% during early 
exponential growth phase) or neutral (50% during late exponential growth phase) 
mucins emerged in infected fish exposed to 15 I-Ig Zn/L (Fig. 5.4G). At 
concentrations of 30 and 120 I-Ig Zn/L (Fig. 5.4H, J), mucin composition appeared 
similar to control uninfected fish not exposed to Zn, except for fish exposed to 30 
I-Ig Zn/L when parasite numbers were maximal and 100% of mucous cells 
contained neutral mucins (Fig. 5.4H). Perhaps the most intriguing observation 
was that mucin composition in infected fish exposed to 60 I-Ig Zn/L was 
consistently acidic (Fig. 5.41), as was observed for uninfected fish exposed to the 
same concentration of Zn. 
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5.5 Discussion 
Our results showed that fish epidermis responded differently depending on 
the stressor and on the duration of exposure and/or phase of infection. Zn alone 
induced a rapid response that was not sustained for the duration of the exposure. 
Rather it fluctuated until day 18, and then remained constant. Gyrodactylus 
infection induced an immediate moderate thickening of the epidermis, and a 
reduction in mucous cells as the parasite numbers reached 20 and beyond. 
When combined, Zn exposure dominated the initial response, whereas the 
infection dominated the subsequent changes. In discussing the host response to 
Zn, to infection and to the combined stresses, we divide the temporal pattern into 
three periods: the immediate (within the first 3 days), the intermediate (4-18 
days) and the chronic response (beyond 18 days). 
Immediately following Zn exposure, we observed a rapid elevation in 
mucous scores reflecting the release of mucus onto the fish surface (Fig. 5.5). 
This release of mucus would protect fish from Zn toxicity by trapping excessive 
Zn and thus preventing its entry into underlying tissues (Shephard, 1994). We 
also observed a concurrent decrease in mucous cell numbers (Fig. 5.3B-E), 
consistent with that observed by other researchers in response to a wide range of 
pollutants (Iger, Abraham, Dotan, Fattal & Rahamim, 1988; Iger et al., 1994; 
Benedetti, Albano & Mola, 1989; Iger and Wendelaar Bonga, 1993). The 
chemical composition of mucins changed dramatically with Zn concentration. 
Whereas mucous cells in fish unexposed to Zn contained a mixture of neutral and 
acidic mucins (Fig. 5.4A) , mucous cells in fish exposed to 15 and 60 I-Ig Zn/L 
contained only acidic mucins (Fig. 5.4B, D). Acidic mucins are reportedly 
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protective against Zn (Handy et al., 1989; Shephard, 1994) and the Golgi 
cisternae in mucous cells switch to producing strongly acidic mucins in response 
to a variety of stresses (Triebskorn, Christensen & Heim, 1998). Interestingly, 
mucous cells exposed to 30 tJg Zn/L contained only neutral mucins (Fig. 5.4C). 
ln response to 120 tJg Zn/L, mucin composition 3 days after exposure to Zn was 
very similar to that of unexposed fish (Fig. 5.4E). Perhaps a shift in composition 
in these fish occurred earlier than day 3 or perhaps there was a more marked 
upregulation of differentiation of new mucous cells, suggested by the presence of 
internally localized mucous cells. Thus, although at day 3, mucus was released 
at 30 and 120 tJg Zn/L its chemical composition may not have been as protective 
as at other concentrations of Zn. Maximal initial protective response of mucous 
against Zn presumably occurred at 15 and 60 tJg Zn/L. 
An immediate response of fish to G. tumbul/i infection also occurred but 
characteristics differed compared with the response to Zn. Gyrodactylus initially 
induced a modest increase in mucous cell numbers with no shift in mucin 
composition, in contrast to the rapid decrease and change in composition in 
response to most Zn concentrations. In addition, infection induced a rapid 
thickening of the epidermis even though parasite numbers at this time were very 
low. 
The initial response to combined Zn and infection exposure appears to 
have been driven mainly by Zn, especially at concentrations higher than 15 tJg 
Zn/L. Mucous cell numbers decreased, mucin composition shifted to acidic 
(though only at 60 tJg Zn/L), but epidermal thickness was unaffected, ail features 
of the immediate host response to Zn. Given the low numbers of parasites on the 
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fish at this early stage of infection, it was not surprising that Zn emerged as the 
more dominant driver of the host response. However, despite the low parasite 
intensity, our data indicate that infection reversed the shift in mucin composition 
in response to low concentrations of Zn (15 and 30 IJg Zn/L). To our knowledge, 
these initial skin responses to gyrodactylids and to the combined effect of 
gyrodactylids and Zn have not been previously documented. 
After the immediate response to Zn alone, mucous release began to 
fluctuate as did epidermal thickness and mucous cell numbers. At 15 IJg Zn/L, 
mucous release and epidermal thickness showed a repeated pattern of 
fluctuation (Fig. 5.5A, 5.28), as did mucous release at 30 IJg Zn/L (Fig. 5.58). At 
higher concentrations, ail three parameters fluctuated over time, but did not show 
evidence of repeated cycles (Fig. 5.20-E, Fig. 5.30-E, Fig. 5.5C-0). The 
fluctuations could be due to the time delay between differentiation of multipotent 
progenitor cells induced by the sloughing of epidermal cells, and the migration of 
the new cells to the surface of the epidermis. Similar fluctuations in epidermal 
thickness have been recorded in rainbow trout exposed to Rhine waters 
containing a mixture of pollutants including 30 IJg Zn/L (Iger et al., 1994). 
8etween days 6 and 18, fish exposed to 15 and 60 IJg Zn/L continued to produce 
acidic mucins as they had at day 3 (Fig. 5.48, 0). Surprisingly, however, at 120 
IJg Zn/L the timing of the shift to acidic mucins in these cells was delayed 
compared to the other concentrations (Fig. 5.4E). This was not the result of a 
generalized Jack of response of mucous cells, because mucous production 
scores remained eJevated over the first 9 days of Zn exposure (Fig. 5.50). 
Sustained synthesis and discharge is an energy-demanding process (Shephard, 
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1994) and conversion of neutral to acidic mucins as weil as synthesis of more 
acidic mucins may also be energetically costly. When demands for mucous 
production are high (as at 120 ug Zn/L), an energetic trade-off may occur 
between up-regulating mucous production and up-regulating the synthesis of 
acidic mucins. This hypothesis is consistent with the elevated mucous production 
and replacement of depleted mucous cells but the absence of a shift to acidic 
mucins that we observed in fish exposed to 120 ug Zn/L. 
After the initial phase of parasite establishment, infection alone induced a 
significant reduction in mucous cell numbers and both thickening of the epidermis 
and low numbers of mucous cells were maintained at the same level for the 
whole exponential" growth phase with no evidence of recurring fluctuations. 
Similar epidermal responses have been reported in response to a variety of 
species of Gyrodactylus, regardless of the Gyrodactylus - host system taken in 
study, the type of study (field or experimental), or the intensity of infection at the 
moment of sampling (Wells and Cone, 1990; Appleby et al., 1997; Sterund et al., 
1998). The skin damage induced by these epithelial browsers destroys both 
epithelial and mucous cells in the epidefmis (Wells and Cone, 1990; Sterud et al., 
1998). In response, multipotent progenitor cells are more likely to differentiate 
into epithelial cells at the expense of mucous cells, simply because epithelial cells 
are the predominant cell type. Hyperplasia of epithelial cells will in turn cause 
thickening of the epidermis despite the loss of epidermal cells that are sloughed 
off in response to parasites (Wells and Cone, 1990). Unlike exposure to Zn alone, 
infection alone had minimal impact on mucin composition, despite reports that 
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more acidic mucins are produced in response to gyrodactylids on sticklebacks 
(Lester, 1972). 
Between day 6 and day 18, combined exposure to Zn and gyrodactylid 
infection induced some responses that were similar to reactions seen to Zn alone 
(fluctuating epidermal thickness at concentrations higher than 15IJg Zn/L) 
whereas others that were typical of responses to the parasite (decreased number 
of mucous cells throughout the infection). In response to the combined stresses, 
cells with mixed neutral and acidic mucins predominated, especially at 
concentrations of 15, 30 and 120IJg Zn/L. Our data on epidermal thickness 
indicate that both Zn and infection influenced the host response, with Zn 
exposure contributing to the fluctuations in epidermal thickness especially at 
higher zinc concentrations and infection leading to an overall thickening of the 
epidermis (Fig. 5.21, J), even beyond that seen in response to infection alone 
(Fig.5.2F). In fa ct , when both stresses were combined, the thickness of the 
epidermis never dropped below control values, which it did in fish exposed to Zn 
alone. Epidermal thickening and associated hyperplasia has been reported as a 
general adaptive response to different stressors (Whitear, 1986; Wells and Cone, 
1990; Iger et al, 1994; Sterud et al., 1998). Perhaps the most intriguing 
observations were obtained for infected fish exposed to 60 IJg Zn/L. Although 
epidermal thickness was higher throughout infection than for any other 
concentration, and although the number of mucous cells was lower, both typical 
responses to infection, 60 IJg Zn/L was the only concentration where infected fish 
produced acidic mucins, a typical response to Zn (Fig. 5.40, 1). At ail other 
concentrations, however, in the fish concurrently exposed to Zn and infection, the 
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response profile was apparently dominated by infection rather than Zn during 
days 6 through 18 as evidenced by sustained depression of mucous cell numbers 
and absence of shift in mucin composition. This is completely understandable 
given that parasite numbers are increasingly exponentially during this period 
whereas Zn concentrations are remaining stable. 
Regardless of concentration, exposure to Zn for more than 18 days 
induced depressed mucous production and mucous cell numbers in fish, perhaps 
reflecting either acclimation to Zn, or exhaustion of the epidermal tissue due to 
inability of sustained differentiation of progenitor cells. Physiological acclimation 
to sublethal, chronic waterborne Zn has been reported, for example in trout 
where pre-exposure to Zn for a 5 day period increased the Leso by 2.5 times, 
compared to fish not pre-exposed to Zn (Bradley, DuQuesnay & Sprague, 1985). 
Acclimation occurs after an initial period of physical damage and disruption of 
physiological homeostasis, followed by a recovery period where tissue repair 
begins and synthesis of metal transport proteins is up-regulated, thus re-
establishing a homeostatic equilibrium with increased tolerance to the metal 
(McGeer, Szebedinszky, McDonald & Wood, 2000). Our experimental design 
precluded us from examining the longer-term responses to a combination of Zn 
and infection. 
Taken together, our present results showed that fish epidermis responded 
to both Zn exposure and gyrodactylid infection and the responses differed with 
concentration of Zn, duration of exposure and intensity of infection. Initial 
responses were most likely protective against both Zn toxicity (through increased 
mucous production, with more acidic composition), and infection (increased 
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epidermal thickness and). Although mucous is critically important in protecting 
the fish epidermis against entry of waterborne Zn, fish also use the epidermis and 
scales as a storage tissue for Zn (Sa uer and Watabe, 1984, 1989; Nakano, Ono 
& Takeuchi, 1992). Both processes may contribute to the high tolerance of 
guppies to Zn (Widianarko et al., 2000, 2001), as we recorded in guppies 
exposed to Zn alone. As concentration of Zn and parasite numbers increased, 
the epidermal responses indicated disturbed host response (dramatic decline in 
mucous cel! numbers, with mixed composition of mucins), which became less 
effective against Zn toxicity and infection. Combined damage induced by both 
aggressors could account for the concentration-dependent elevation in mortality 
previously recorded in infected guppies concurrently exposed to Zn (Gheorghiu et 
al., 2006). Thus as parasite numbers increased, the parasite-induced damage to 
the epidermis facilitated entry of Zn into inner tissues. In addition, as 
concentration of Zn increased, it exceeded the ability of mucous release, 
epithelial cells and scales to accumulate Zn, thus allowing entrance of excessive 
Zn into internai body structures and causing toxicity in a direct dose-dependent 
manner (Kôck and Bucher, 1997; Widianarko et al., 2000, 2001). 
ln conclusion, these results indicate that when exposed to both Zn and 
Gyrodactylus infection, fish have an impaired epidermal response, which on one 
hand will not be able to limit or clear the infection, and on the other hand, will no 
longer prevent the absorption of Zn into the body. Moreover, when combining 
two stressors, due to unexpected interactive effects, results are not necessarily 
linear. This is particularly important in interpreting physiological and toxicity 
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responses in the field when organisms are subjected to not only pollutants, but 
pathogens as weil. 
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CHAPTER6 
GENERAL DISCUSSION 
This research emphasized the complex effects of Zn on the interactions 
between G. turnbulli and their host guppies. As with ail research, although some 
answers have been found, a wide range of new questions have emerged. 
One of our major findings is increasing mortality with the increase of 
waterborne Zn concentration, but only in infected fish. Why does mortality of fish 
exposed to sublethal concentrations of Zn occur only in the presence of 
infection? We attributed the linear increase in mortality with increasing Zn 
concentrations to the combined effect of Zn exposure and infection. On one 
hand, the parasite is known to disrupt the integrity of the epidermis while moving 
and feeding on the skin surface, thus creating entry points for potential secondary 
infections (Kearn, 1998; Cone, 1999) and for Zn. On the other hand, the key 
factor in the host response against both Zn and parasite is increased mucous 
production that prevents entry of Zn into the inner tissues and that clears tbe 
infection (Shephard, 1994). However, data from our third set of experiments 
(Chapter 5, Gheorghiu et al., submitted) indicate that the protective effect of 
mucus was lost, because the ability of the host to secrete mucus was apparently 
exceeded as both concentration of Zn and parasite numbers increase. An 
additional mechanism to prevent Zn toxicity is represented by its accumulation in 
the storage tissues. Epithelial cells and scales are reported as important for Zn 
storage (Sa uer and Watabe, 1984, 1989; Nakano et al., 1992). As the 
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concentration of Zn increased, it is also possible that the physical damage 
caused by infection impaired the ability of epithelial cells and scales to 
accumulate Zn and the excessive Zn eventually reached the internai body 
structures, damaging them and disrupting the ionic balance. Both limited storage 
capacity and exhaustion of mucus production would increase the susceptibility of 
guppies to Zn toxicity. To test the hypothesis of increased accumulation of Zn in 
the tissues of infected fish, future research is needed. Given the small size of the 
guppy, it would be betler if such research were done on a different host-
Gyrodactylus system, using a bigger size species of fish. Alternatively, as new 
fluorescent markers will become available, it would be helpful to detect the 
histological differences in Zn-accumulation in various fish structures as the 
concentration of Zn increases. This method could be used in guppies. 
Buchmann and Bresciani (1998) showed thatfish epithelium and mucus 
contain complement and concluded that gyrodactylids live and feed in an 
environ ment rich complement factors. Several in vitro studies have indicated that 
the complement system present in mucus is important for parasite killing 
(Buchmann, 1998; Buchmann and Bresciani, 1998; Harris et al., 1998; 2000), 
and that activated macrophages in fish skin may be the primary source of the 
complement (Buchmann and Bresciani, 1999). Interestingly, Sanchez-Dardon et 
al. (1999) showed suppression of phagocytic activity of macrophages in rainbow 
trout exposed to 10 - 50 I-Ig Zn/L for 30 days; thus Zn may also suppress other 
functions of macrophages as weil, including activation of the complement. So, 
exposure of infected fish to waterborne Zn might impair complement activation, 
and thus favor the parasite population growth as reported in our first study 
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(Chapter 3; Gheorghiu et al., 2006). Using current technology, further exploration 
of the interaction between Zn and complement in infected fish should be pursued 
in a different host - Gyrodactylus system, using a host species large enough to 
enable collection of mucus and plasma. 
Although Zn is toxic to infected fish, it is also toxic to the parasite, as 
proven by reduced survival and morphometrics in response to Zn (Chapter 4; 
Gheorghiu et a/. , in press). Disentangling direct and indirect effects of Zn and any 
parasite is difficult given the intimate relationship between the host and parasite. 
Gyrodactylus is no different. In fact as an ectoparasite, it is exposed directly to Zn 
in water and to the host response elicited in response to both infection and Zn in 
the water. Moreover, as Gyrodactylus bears in its uterus several embryos one 
inside another, it is possible that cumulative effects of Zn exposure affect the 
subsequent generations. Due to the unique biology of Gyrodactylus (viviparity, 
direct life cycle, attachment of the new-born individuals beside their mothers on 
the same host), in order to understand the mechanism of Zn toxicity to the 
parasite, we felt it was important to separate as far as possible the additional 
effects induced by host response to infection and/or Zn exposure, and by density 
pressure during the exponential phase of the infection. Thus, to minimize the 
effects of host response and parasite density on parasite reproduction and 
lifetime survival, we designed experiments so that infected fish only harbored one 
or two parasites at a time. As such, the survival and reproduction of parasites on 
the fish was only affected by direct Zn toxicity to parasites and host response 
induced by Zn exposure. If exponential growth of the parasite had occurred, the 
effects on Gyrodactylus survival and reproduction would have been further 
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complicated by host response to infection and by density pressure of the 
increasing population of worms. In its turn, the density pressure cou Id impair 
parasite survival by inducing a stronger host response. 
Further, given that parasites can become detached from their hosts and 
are able to survive for short periods of time and reattach to another host, it is 
important to understand the direct impact of waterborne Zn on isolated parasites 
from the host. T 0 pull apart the direct effect of Zn on parasite survival from 
indirect effects induced through the host response, the parasites were isolated 
from the host and exposed individually to waterborne Zn. Direct toxicity of Zn to 
the parasites was best shown by the decreasing survival of the detached 
parasites as the concentration of Zn increased. Our results were similar to those 
obtained by Morley et al. (2001), who reported reduced survival of Schistosoma 
mansoni miracidia exposed to 1 00 ~g Zn/L and higher. In addition, Morley et al. 
(2003) recorded impaired host location behaviour on Echinoparyphium 
recurvatum cercariae exposed to concentrations as low as 1 0 ~g Zn/L. They 
attributed this result to Zn-selective binding to sensory structures involved in 
sensorial host location and infection. It is possible that exposure of detached 
parasites to Zn reduces Gyrodactylus re-attachment to new hosts as weil, with 
negative implications for parasite transmission in the ho st population. This 
hypothesis could be tested by using Zn-exposed parasites to initiate experimental 
infection, or to assess their rate of transmission to new fish. Furthermore, future 
studies should address Zn-accumulation in parasite structures in order to 
examine if a similar mechanism would be involved in impaired host location. 
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Toxic effects of waterborne Zn exposure to G. turnbulli were also shown 
by the linear decrease of morphometrics of exposed parasites as the 
concentration of Zn and duration of exposure increased. Although previous 
research on parasite morphometrics in response to different environmental 
factors (Le. temperature) focused on hard parts of the opisthaptor (Geets et al., 
1999), when designing the experiment, we believed that the soft-body parts 
would respond more quickly to environ mental zinc than the hard parts. Given that 
ail the morphometrics decreased with increasing concentration of Zn and duration 
of exposure, it would be possible that the same effect to be extended to the hard 
parts of the opisthaptor too. However, as our primary interest was in the survival 
and reproduction of the parasite, we considered it more biologically relevant to 
quantify changes in soft body parts. Also, in our experience, it is more difficult to 
get accu rate measurements of hooks and hamuli in fresh specimens than of soft 
body parts. The recommended techniques for measuring hooks and hamuli 
require destruction of the worms and their internai organs, or digestion of soft 
tissues (Harris, 1986; Shinn et al., 1993; Cable et al., 1998). Thus we would not 
have been able to measure both soft and hard tissues in the same individuals. 
Given that these decreases in size in response to Zn and duration of 
exposure were recorded during mini-epidemics of infected fish exposed to Zn 
where parasite exponential growth and transmission between hosts was allowed, 
we attributed our results to a change in the age structure of the parasites 
population (Chapter 4; Gheorghiu et al., 2007). Although Gyrodactylus are 
considered fully-developed immediately at birth, some structures develop later 
on, potentially affecting the parasite morphometrics, but this remains to be tested. 
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Depending on the development of embryos inside the uterus and the occurrence 
of male reproductive apparatus, Gyrodactylus individuals can be categorized in 
different age classes (Cable et al., 2002). Moreover, the development of the 
embryos inside the uterus affects the width of the parasites. So, the age 
distribution of individual worms of a population of Gyrodactylus depends on the 
instantaneous birth rate and the instantaneous death rate, which are age 
dependent (Scott, 1982). In addition, Gyrodactylus survival and reproduction is 
strongly influenced by environmental factors, including waterborne Zn (Chapter 4; 
Gheorghiu et al., 2007). So, further research to detect the impact of Zn exposure 
on the parasite population age structure should be done using either isolated 
hosts or mini-populations of fish. 
Across ail our experiments, waterborne Zn in concentrations of 60 JJg/L 
induced the most unpredictable, counter-intuitive responses. Thus, unlike in 
detached parasites exposed to Zn, Zn was only toxic to attached parasites 
exposed to 30 and 120 JJg Zn/L, but surprisingly, not to 60 JJg Zn/L (Chapter 4; 
Gheorghiu et al., 2007). In addition, after an initial release of mucus in response 
to waterborne Zn exposure, fish exposed to 60 JJg Zn/L did not produce mucus 
between days 6 and 15 post exposure, whereas the fish exposed to ail other 
experimental Zn concentrations responded with more rapid fluctuations in mucus 
release. Histologically, the response recorded in fish exposed to 60 JJg Zn/L 
corresponded to a more marked decrease in mucous cell numbers and a shift to 
acidic mucin composition, when compared with the other concentrations. 
Moreover, in infected fish exposed to 60 JJg Zn/L, we recorded the highest 
epidermal thickness, more marked depletion in mucous cell numbers and the 
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same shift to more acidic composition as in uninfected fish exposed to the same 
concentration of Zn (Chapter 5; Gheorghiu et al, submitted). Similar non-linear 
dose response patterns have been recorded in other systems when more than 
two factors affect simultaneously the system taken in consideration (Sih et al., 
2004). Our results could be explained by an impaired host response against the 
parasite, which no longer limits the parasite exponential growth in fish exposed to 
60 I-Ig Zn/L, combined with a reduced toxicity of Zn to the parasite. To obtain a 
better understanding of the mechanisms, more research is required on specific 
host response to infection in fish exposed to 60 I-Ig Zn/L, and on Zn toxicity to the 
parasite. 
The present research demonstrated that waterborne Zn, suggested to be 
at sublethal concentrations to guppy (Eisler, 1993), affected both host and 
parasite, but was more detrimental to the infected hosts than to the parasite. 
These results are particularly important in aquaculture and fisheries, given that 
Gyrodactylus spp. affect almost ail species of teleost fish, and moreover, Zn 
pollution is one of the most commonly encountered (Sowen et al., 2006). In 
addition, recent research on Atlantic salmon (Sa/ma sa/ar) infected with G. 
safaris, the most deadly species, which devastated natural salmon population in 
many infected rivers in Norway (Johnsen and Jensen, 1991; Sakke et al., 1992; 
2000), focused on potential use of waterborne Zn and other heavy metals as a 
possible method for treating infection in the wild. Even though their results are 
promising, as the parasite was apparently more affected than the host, proper 
caution should be taken, especially because Salmo salar is more sensitive ta 
waterborne Zn than guppies. Thus, whereas LC50 (96h) for immature Atlantic 
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salmon is 420 - 600 I-Ig Zn/L, depending on the water hardness, the same 
indicator for guppies is 1350-1500 I-Ig Zn/L for fry, and 4400-7300 I-Ig Zn/L for 
adults, depending on water hardness and fish gender (Eisler, 1993). 
The Canadian Water Quality Guidelines (2005) stipulate that aqueous Zn 
should not exceed 30 I-Ig Zn/L for aquatic life. Our results showed that at this 
concentration, toxicity to fish increases when they are infected. Thus, if 30 I-Ig 
Zn/L is the cut off for uninfected fish, it may be too high for infected fish, in which 
we recorded epidermal changes (Chapter 5; Gheorghiu et al., submitted) and 
mortality (Chapter 3; Gheorghiu et al., 2006). Whereas exposure to 30 I-Ig Zn/L 
alone did not induce any mortality in the first 35 days of exposure, the same 
parameter measured in infected fish exposed to the same concentration of Zn, 
increased to 54% mortality (Chapter 3; Gheorghiu et al., 2006). In addition, 
mortality in infected unexposed fish was 24 %, but when infected fish were 
exposed to even the lowest concentration of Zn (15 I-Ig Zn/L), mortality more than 
doubled (52%). In conclusion, to consider a certain concentration of a pollutant as 
an admissible limit, research needs to consider the sensitivity to the toxicant of 
both uninfected and infected individuals. 
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APPENDIX C 
Temporal dynamics of number of epidermal cell layers in response to Zn 
and/or Gyrodactylus. 
(A) 0 IJg Zn/L; (8) 15 IJg Zn/L; (C) 30 IJg/L; (0) 60 IJg Zn IL; (E) 120 IJg Zn/L; (F) 
Gyrodactylus; (G) Gyrodactylus and 15 IJg Zn/L; (H) Gyrodactylus and 30 IJg 
Zn/L; (1) Gyrodactylus and 60 IJg Zn/L; (J) Gyrodactylus and 120 IJg Zn/L. Main 
effects: Zn, p<0.0001, time, p<0.0001, Zn*time, p<0.0001. 
175 
3.75 A 3.15 F 
325 325 
2.75 2.15 
225 225 
1.15 1.15 
125 125 
0 3 li 9 12 15 18 21 :M21 II 0 3 6 9 12 15 tl 21 2012730 
3.15 B 175 G 
325 125 
2..15 2.7l 
~ 225 225 Q) 1.15 U5 it 125 1.25 
.....J 
0 3 6 , 12 15 18 21 2l 27 li 0 3 li 9 12 15 18 21 242130 
-l! 3.15 3.15 H 
- 125 
." 3.25 E 2..15 2..15 .... Q) 
2..25 2..25 ,., 
15. 1.15 1.15 W 
'0 1.25 1_25 0 J 6 9 12 15 tI 21 24 21 31 1) 3 6 9 12 15 Il 21 :M2730 
.... Q) 0 
.c 3.15 115 
E 3.25 3.25 ::s 
Z 2.15 2.15 
2..25 2.25 
1..15 1.15 
1.25 1_25 
0 3 6 9 12 15 11 21 2421 31 1) 3 6 , 12 tS t8 21 242138 
3.75 E 3.15 J 
325 3.25 
2_75 2.15 
225 US 
1.75 1 .. 15 
t..25 125 
0 3 li , 12 15 18 2t 24 21 31 0 3 6 9 12 15 tl 21 24 II 30 
Days Post Exposure to Zn Days Post .Infection 
176 
APPENDIX 0 
Temporal dynamics of mucous cell size (fJm2) in response to Zn and/or 
Gyrodactylus. 
(A) 0 1J9 Zn/L; (B) 15 1J9 Zn/L; (C) 30 1J9/L; (0) 60 JJ9 Zn IL; (E) 120 JJ9 Zn/L; (F) 
Gyrodactylus; (G) Gyrodactylus and 15 1J9 Zn/L; (H) Gyrodactylus and 30 JJ9 
Zn/L; (1) Gyrodactylus and 60 JJ9 Zn/L; (J) Gyrodactylus and 120 JJ9 Zn/L. Main 
effects: Zn, p<0.0001, time, p<O.0001, Zn*time, p<O.0001. 
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morphology of the patllSlte, and as a conseqUêru:e. Zinc will actas il potentia1 çUI't: for the affected fish. 
'onthe waterbome zinc oou~ti the "te ati,on ma he teduœd or inqœsed. 
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ProtocQI #: 
McGill University AnimQI Care Committee 
RENEW AL of Animal Use Protocol 
Approvslenddatf: ç~.)'t,~CC:) 
Facilîty Committee: 
For: Research 181 Teacb!ng 0 projeet RenewlIl#: 1" 
Principal rnvcstlgalor: ..M~lm Scott ... . .... .... . Protocol # .. 46.2L __ _ 
Effee! ofwater-oome zinc on Gyrodacl'ilus infections on .. 0fC<=(l;.l"\"~1.. r.",( ..... 1"; 
ProtocQITitle: _~H.~%;'·\t: tGI.i...l4\~,,,~ \)'\ ... (~\-ili~ ,w rhone: 398,...;-7-,-9-,-96,,--·~ __ 
Unit, Depl. & Addr~ss: Parnsit()!ogy, Macdonald Campus ... _ ... ,______.__ Fax: 398-7~~7. __ ... _. 
EmaU:!Ila.filyn.sc()t.':@I1l~llj!Lc~ ____ . Lev~I: ..... ~. Fundlnl\ !(Jurce: l'SERC 
Start of Funding: 04102 P;nd ~fFunding: 03107 _ ... _____ _ 
Rmergency eontactlfl + phone #s Gordon Bingham; work 398-77 J J; home 457-9138 
Emergency eontad 1f2 + phon): #s .. .f~~tinaGheorgh!\l; \Vor!< 398-8382; ~to..~._ .... __ . __ ._. __ .......................... _._. 
E:f~=~~·~;~ri2::!~f~:~!~:::::;~,ïindi~.ldUah whowlli' be ln contact Wlth~~~=n-th~,·~;~dy· .n~~::~r·..l 
empl.oyment dassificatiOD (invest~ator, t~chnic~an. ~eart.h assistanJ, undtrgraduatel gradudte student .. reUo",i)~ If an j 
nnqergradualj: stodent Iii i.uvolved, the role of thé shidellt and the suptrvislon received must be desel'lhed; Tralnlllgis 
mand>ltory for ail personneilisted hne. Refer (0 If)If)w.anùnalcgre.,.,cgilLàl for detail~. Eub person U$ted iu this section Dlust 
sig". (SPf!.<:5..!,!.lI fXIItWd m; Itl!eM4J _m'" 
NUille 1 Classifiealion '--IA,lhruïiRelaled occup;iÎO'MlHéaltb Signature 
. 1 Training IMorlllation Program· "/fIlS ".ad the original '~:nlyn ~~ott ! lnV~t;~~tor - Workshop on Animal Care (W A~,;m._--:--- ,:mli.[:~[::~~~~ . 
l Advanced Theory 0JUrse (A TC) Costina Gheorghiu Grad Student WAC, ATC (Basic & Wildlife) Y~'S~ '\ L--., Experimental Fish - CAl .' , ~I Gordon Binghman Tcchnician WAG, ATC )les '. '7 '. t .. !li;!'~~ (or eaçh ~ni_irJ!!rtlctpatï;'.lLl~ the I~aî OHP Progralllj se. bUl!'liwWwlmcgiii.~ai;.g.ï,;nJmalloccupationa(f for détal ..... 
2.A 
Chair, ft'acility Animal Care Committee 
llACC Veterlnarian 
Cbairperson,.Rlhlcs Subconuniftee 
'D le",,! ",. r~.ehing l'ralucols On/y! 
Appi'oved Alllillal Use Pniod. 
Date: 
Date: 
Date: 
Date: 
End: 
13.s;;:;mary-(in ï;·;g~.ge ih;t~iIl be understood by m;"ilierS of the general publié) 
A (MS AND BENEFJTS: Describe, ln a ~hort paragl'llph.the overatl aimof thutudy and ils potential benefit lo humanfanimal 
i health or to the adVaDC~!!!ent of seie.!lotif!e knowledge (1I'!!§Ji!.i:!!Q'!la Inlllal!f.p"'ro."'to:;.:c;;:.ol;<;9.'--_____ _ 
The aîm ofthis project is to detennine how fish tetoparasites are affected by waterbomc zinc. We hypothcsÎze 
th~t zinc ""111 accumulate in fishskin and impair thc host l'csponse against the parasite, and as a consequence, fish 
will expericnce a greater mortality. In addition, wc hypothesize that zinc will he harmful to the reprodu(:tion Of 
morphology of the parasite, and as a consequcncc, zinc wil! aet as a potential cure for the affected fish. 
~pendlng on the watet!>Pl11ezillc concCiltrasion, the para~!!~_1'ppulation_!!l.lly be reduce~yril1~:reas~..: .. 
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MeGill University ~ .. .. .. H.· .. ;: .•••. '.· ..... i UllivenityBjllb~m CoJbmiUtt 
APPLICATION TOUS~ JIOliAZAJU)QÙSMAftlliAlS' 
Nt) projeél, ~hQuld ~cQll1l11encAA witlju"t PWr approval onrt ajlpliClltÎOl1ttl uSè bioWacdOli$l1iatwials.'SlIbmlt !'hi$ 
applicatron ln the Chair, ai~$ Comttlittell.9nem9Qtb'~~~int.h~w prilj~«çxpity of li ptl:vioosly apprdved 
lIpplication, 
1. PIUNClPALINVEStIOATOR,l Marllyrt SCOTT 
ADDRESS.: Institute of PI\hlSÎtQ!ogy 
Ml'ICd~<t C!unp\.lS 
OBPAarMENT; blstiture ofParnslt6fogy 
3. fnillc!lte ifthis i~ 
tEt~paONl!;' 3911·1~ 
FAX NtiMBER:: 3911-7:85'7 
E-MAIL:·rn.atilyn.$cott@mcgillica 
NIHÛ FqRNT.O FRSQ n 
= R(.ltIewaJ use apfIllcatiPjil:procooureSfravll- b.eéln }'itevici!!S1Y' Ilpptoveif iIbd noalterations·hAve been mitde to the 
protocoL 
Approvi\lEnd Date 
.:.: Newfutldittg saUtee; project previously reviewed and apprQved u11der an applicati9ft toanothllr1f8cnçy, 
!5( N~wpl'ojêtt; IYt6ject nofprevilluslytevie~'éd or ~.andÏbt lUioroQrwmffim a!t!lredfr\>mp~eviQjj$lyapprl;!Véd 
1 . appJi~tjon. . 
ClTliirperson, Biohazards CoorlîïÎttee: 
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Name 
Marll}'Il Scott 
t:rlstlna Gheorghiu 
Name: Gordon. Blngham 
Cris:tjnaGheorgiliu 
6. Bficflr descrÎbè: 
1nV~Qf T~lIlili4n Stu@nt 
,~ 
R~~_ 
A~t '1----....----1 
Institute ofPIlI'II$\tô!og}' x 
Pl1one.No)work: J98~77J! 
P~onl!NQtWQtk;39H382 
Fcllow 
i)ttœb~l;irdi:lus Iilate,rialinvnlved (c"g.bl!étefiâ, vil'U$eS, hùnlâti iiss~ & desïgm\tèd biosàtèty tisk group 
G;vl'odèct:ylus fUl'nbUlii is a monogene31l'eCWparaslte ofguppies: Il ls hOst speeili~ and dm:s l10tirlfect lI1lyJuca! fish or 
anyother anitnals.inctuding huml\llS •. 
ii)tb~ prootléhlm.ln\tolViilg blàhaZards 
Lab-reared .guppies are'infected. under tIn@sthetkwith lletween land 3: indlvilluîd p~iles ~edJQ a $Cale, or Sm1.\U 
pleçe of tfn rèmoved w.w !Il10thllf filih. 
Infected frsh atii monitQred daU>, undet anaesthetic: 
Survi"aI of theplll'll$!te llffthe fl$his lÎmiteda,JewhotWi atmost W.rwhich has GontlWell infected fub, <1$ \\:ell !IS(l~1;t 
jhfectéd f!sh !ltat tU!'\'e'diea are dis~ onri l1iO,lia.zàrd 4dl'iti!inèî-$. 
iii) the profotol tlirdel:ontllJJliluttblg IIplt/$ 
'l'ltll pafllSiœis kïlledwi\'lJ; a we,* f~ali!l soJutlOIl, wllicl1 will Ile. used ln (:lI~ "CQtJtal!'iiiij!fed" watilr 6r i?fected tlsh 
shoùldëome ÎtI êoritact With bénch Wl'faces. 
7. .Dbè's th;: protocol ptesëtttoOndftibllS (;e,g, haùd[lni.ôflaf~ev61Iitne8ot hÎ~.c()nCènttàtiôl1s ofpathôgéns) w1llCh I.'ôlild 
.increa:;e the h~ oftbeÎnn.n;tioq$ agent(s)'l. 
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Il. ··tlc the ~peciflc procç!lvre~tQ. \le eritplqyèdînvolVinggenetÎchlly engineercd orgartl$lt\l!1tav<lt{history ()fsafe lise? 
NotAllpllcà:blit 
9. What preclWtiotl$are~i\lg taken t():n:QUCèPJ'Qdl,lctiollOfinfectiousdropltf$ and.aetOsols? 
N'otAppljçahll,} 
10. Li~t~ l;!iQl()gical ~~in~tob';l tjM; Not.r()l~!lllt ~-=~~~~~~~~~~~~~~~~----------~------------~--~--~ 
Serial No, r>ateCe·rrlfted 
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